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 With the increase in saline soils worldwide, understanding the mechanisms for salt tolerance in 
plants is important to reduce yield loss due to salt stress. Soybean, Glycine max (L.) Merr., 
genotypes differ in chloride uptake with genotypes that take up chloride into foliar tissues 
tending to be salt-sensitive whereas those that partially exclude chloride from the leaves are more 
salt-tolerant. Transcriptional and physiological responses were measured in two soybean 
cultivars, Clark and Manokin, which differ in chloride uptake in response to salt stress and in 
combination with Soybean mosaic virus (SMV) and its aphid vector, Aphis glycines. The 
interaction of cultivar and salt treatment revealed using Gene Chip
TM
 analysis a total of 386 
genes were differentially regulated. These results were validated with RT-PCR and RT-qPCR. 
NaCl stress caused damage in Clark and to a lesser extent in Manokin. Likewise, the 
photosynthesis rate in Clark was greatly reduced by salt stress and was reduced to a lesser extent 
in Manokin. Reciprocal grafting demonstrated that soybean roots were responsible for salt 
tolerance and should be the focus of future studies on the genetic basis of salt tolerance. To study 
the interaction between SMV infection and salt stress, soybeans were treated with salts either 
prior to or after inoculation. SMV levels and gene expression levels were measured using RT-
PCR, RT-qPCR, and ELISA. The SMV level in both treatment regimens was reduced in 
Manokin in response to the sub-lethal NaCl and CaCl2 levels and in Clark in response to CaCl2. 
The rate of photosynthesis was not decreased in CaCl2-treated soybeans that were infected with 
SMV; however, SMV infection did not alter the salt damage phenotype and salt stress did not 
impact SMV symptoms. Aphid populations were reduced by salt stress in both cultivars. The 
production of aphid-induced volatile terpenes were suppressed with salt stress and SMV 
infection. SMV levels were reduced in salt stressed Manokin with aphid feeding, but not in Clark 
or any other treatment combination. The results show a potential synergistic interaction between 
SMV, salt stress, and the soybean aphid with implications for growers facing biotic and abiotics 
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Saline soils are becoming a problem worldwide in agriculture with 7-8% of the world’s arable 
land considered saline with electrical conductivity reading of more than 4 dS/m in saturated soil 
(Tanji, 2002). Saline soils tend to be more common in arid and semi-arid regions than in other 
geographical areas. In soils where high salt levels are a problem, it can be difficult to improve 
conditions on a field scale. Leaching of salts from the root zone via washing with rainwater, or 
treatment with gypsum are ways that soil salinity can be reduced; however, these methods are 
not cost effective for large scale operations.  
 There are two primary causes of salt accumulation in soils, natural and man-made 
(Slinger and Tenison, 2007). Natural salt accumulation can be due to the breakdown of mineral 
deposits releasing ions into the environment, or in coastal regions due to saltwater inundation 
caused by wind or tidal surge. Soil texture can also have a major role in salt accumulation with 
heavier clay soils retaining more ions than other soil types. Man-made salt accumulation is more 
frequent than natural accumulation and has a greater impact in agricultural growing regions. 
Salts can be introduced into the soil through irrigation with saline groundwater. Much of the 
groundwater in the US is considered saline (Fig. 1.1) though the depth at which the saline 
portions are found can vary widely by location (Alley, 2003). Low lying patches in a field may 
typically accumulate more salts than elevated areas, and arid or semi-arid regions accumulate 
more salts as less is leached out by water. Drought conditions can exacerbate natural and man-
made influences of salt accumulation; due to less precipitation, more irrigation is needed and 
salts that are lower in the soil profile are concentrated on the soil surface by capillary action. In 
addition, salts present in irrigation water can be concentrated near the soil surface via 
evaporation and through plant transpiration. 
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 Saline soils have a negative impact on plant growth that can be manifested as yield 
reduction and even plant death in the case of sensitive species. Because of the osmotic stress that 
can occur with both, plant responses to salt stress can be similar to those observed during 
drought stress. However, during salt damage there is the additional effect of ion toxicity that is 
also very damaging to plants. Osmotic shock is more evident in root cells than in leaf cells; 
conversely, results of ion toxicity are more evident in leaf cells than root cells (Munns, 2002). 
Chloride is an important micronutient in plants that is involved in maintaining turgor pressure 
and osmoregulation (White and Broadley, 2001), though in high concentrations it is severely 
damaging to plants (Teakle and Tyerman, 2010). Complicating matters, several ions have been 
reported to compete with uptake of sodium and chloride and reduce salt damage symptoms. For 
example, Na
+









(Teakle and Tyerman, 2010). In fact, presence of high levels of NO3
-
 in the growing substrate 
can reduce the concentration of Cl
-
 in the foliar tissue such as demonstrated for rosebay (Nerium 
oleander L.;Abdolzadeh et al., 2008), lemon (Citrus x limon; Gimeno et al., 2009) and Suaeda 
salsa (Song et al., 2008).  
 Among the ions commonly found in the soil that lead to salt stress in plants, sodium and 
chloride are the most soluble and damaging to plants (Munns and Tester, 2008). Sodium is 
transported into the plant through the roots in four stages (Tester and Davenport, 2003). First, 
sodium enters into the outer portion of the root, and subsequently some of that sodium exits the 
root back into the soil. From the exterior portion of the root, sodium can be transported into the 
root xylem which allows for transport to aboveground tissues. After entry into the root xylem, 
some fraction of salts can also be actively transported out of the xylem into other root cells. 
Sodium transport into the roots is passive through voltage-independent cation channels 
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 antiporters for transit (Tester and Davenport, 2003). Sodium that 




 antiporters in roots or after 
transport to the leaves (Pardo et al., 2006).  
A strong pH differential between vascular and non-vascular cells complicates the 
movement of sodium into and out of the xylem (Tester and Davenport, 2003). To overcome this, 
plants have a specialized ion channel family of high-affinity potassium transporters (HKT) that 
interact with the salt overly sensitive pathway to move sodium out of the xylem; in Arabidopsis 
thaliana (L.) Heynh. a high-affinity K
+
 transporter (HKT1;1) is responsible for sodium transport 
out of the xylem (Davenport et al., 2007). A related gene, HKT1;4-A2, from durum wheat, 





 ratio. Once sodium enters the foliar tissue its toxic effects are manefiested. Sodium causes 
damage by altering the ratio of potassium within the cell and by inhibiting many enzymes 
(Munns et al., 2006). With higher levels of sodium, the levels of primary metabolites required for 
amino acid synthesis, carbohydrate metabolism, polyol metabolism decrease inhibiting many 
cellular functions including reactive oxygen species (ROS) scavenging (Chavez et al., 2009). 
Sodium damage is seen as leaf scorch and necrosis along the leaf margins (Ayers and Westcot, 
1985). 
 Chloride is transported into the root cells in a similar manner to sodium through Cl
-
 
transporters across the cell membranes (White and Broadley, 2001). Chloride channels 
preferentially transport NO3 into the roots via an H
+
 antiporting mechanism. Although NO3 is the 
preferred anion, chloride is also transported into the roots via the same mechanism (Zifarelli and 
Pusch, 2010). Once inside the roots, chloride moves through plasmodesmata from cell to cell 
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until it reaches the xylem whereupon it is translocated to the foliar tissue or stored in vacuoles. 
As chloride is transported to the shoots, it is redistributed among cells through the phloem. Once 
chloride begins to accumulate in the leaves, damage is seen as leaf tip necrosis. For most plants 
sodium is the most damaging ion; however, some plants such as grape, Vitis vinifera L., or 
soybean, Glycine max (L.) Merr., are more damaged by chloride as sodium is not effectively 
transported through the roots (Munns and Tester, 2008). 
 Reactive oxygen species interfere with photosynthesis and can cause damage to 
membranes and organelles in the cell (Mittler, 2002; Tuteja, 2007). These ROS are generated in 
various organelles including the chloroplast, mitochondrion and peroxisome (Ashraf, 2009). 
Because salt stress reduces gas exchange (Asada, 1999), the amount of CO2 available to the plant 
is limited and as a result the activity of the photosynthetic electron transport chain is reduced. 
This results in the generation of ROS including singlet oxygen (
1
O2), superoxide anion (O2
.-
), 
hydrogen peroxide (H2O2), and hydroxyl radical (
. 
OH) (Asada, 1999; Gomez et al., 2004; Kiddle 
et al., 2003; Mateo et al., 2004). The cellular components can be permanently damaged by 
exposure to ROS. Plants have developed mechanisms to scavenge and detoxify ROS, either 
using enzymes or antioxidant compounds. The major enzymes involved with ROS-scavenging 
include superoxide dismutase, ascorbate peroxidase, catalase, guaicol peroxidase, 
monodehydroascorbate reductase, dehydroascorbate reductase, and glutathione reductase (Gill 
and Tuteja, 2010; Mittler, 2002). Free ROS can cause serious cellular damage by reacting 
spontaneously with organic molecules within the cells including RNA and DNA, oxidizing lipid 






Mechanisms of salt tolerance in plants 
 Plants respond in different ways to salt stress with some plants such as wheat and barley, 
Hordeum vulgare L., being able to tolerate more saline conditions, whereas others such as 
legumes and maize, Zea mays L., cannot (Tanji, 2002). The manner in which plants deal with 
excess ions is a determinant of how tolerant they are of saline growing conditions. Halophytes, 
plants that not only tolerate saline conditions but thrive in them, have distinct responses to salts 
compared to non-halophytes. There are several different mechanisms that plants can potentially 
use to achieve salt tolerance (Teakle and Tyerman, 2010). Halophytes typically employ multiple 
mechanisms for salt tolerance, whereas non-halophytes generally employ only one or two 
mechanisms (Greenway and Munns, 1980).  
One method for plants to cope with high salt is a reduced net uptake of salts from the 
environment. Although plants utilizing this strategy may have a high influx of salts into the root, 
they also exhibit a high efflux of salts out of the root resulting in a low net salt uptake. Examples 
of plants using this mechanism include barley (Britto et al., 2004), sorghum, Sorghum bicolor 
(L.) Moench (Boursier and Lauchli, 1989) and Arabidopsis (Lorenzen et al., 2004). Reduced net 
xylem-loading of salts, whereby salts enter the roots but are prevented from entering the vascular 
stream, as utilized by Lotus tenuis (Teakle et al., 2007), can improve salt tolerance. Salts can also 
be sequestered in vacuoles, either in the roots, such as in the common ice plant, 
Mesembryanthemum crystallinum L. (Golldack and Dietz, 2001), or in the leaves following 
transport through the vascular system, such as in quinoa, Chenopodium quinoa Willd. (Bonales-
Alatorre et al., 2013). Some halophytes, including quinoa and the common ice plant, use 
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specialized gland cells called salt bladders, where excess salt is secreted out of the plant and 
accumulates on the leaf surface (Adams et al., 1998; Adolf et al., 2013).  
If salt ions make their way into a plant cell, they can sometimes be sequestered within 
specific tissues like the mesophyll or epidermis, such as in barley (Fricke et al., 1996). In the 
case of barley, mesophyll cells have higher concentrations of ions, sequestered in vacuoles, than 
found in surrounding cells. Likewise, the translocation of salts into specific tissues such as the 
sheath leaf, as seen in barley (Greenway, 1962) or Leptochloa fusca (L.) Kunth (Klaggs et al., 
1993), or in the petioles, as seen in grape (Downton, 1977) is another mechanism that limits the 
salt damage to a specific portion of the plant. Stomatal control coupled with increased water use 
efficiency can allow a salt stressed plant to partially overcome the negative effects of salt stress 
on gas exchange (Adolf et al., 2012). Osmotic adjustment of the cytosol to maintain ion levels, as 
seen in quinoa under salt stress (Koyro and Eisa, 2008), can help alleviate salt damage. This can 
be accomplished by influx of potassium into the cytosol. The potassium ion is essential in the 
activation of some enzymes (Flowers and Dalmond, 1992). This has led some researchers to 
postulate that the ratio of potassium to sodium within the cytosol is as important as the total 
sodium level with regard to salt sensitivity (Carden et al., 2003; Shabala and Cuin, 2008).  
Plants which are tolerant to high salt conditions exhibit more effective ROS- scavenging 
than sensitive plants (Zhu, 2002). For example, rice, Oryza sativa L., cultivars that differed in 
salt tolerance exhibited different ROS scavenging enzyme activities (Vaidyanathan et al., 2003). 
Catalase activity was increased and the antioxidants ascorbate and glutathione were higher in the 
salt-tolerant rice cv. Pokkali than in the salt-sensitive cv. Pusa Basmati when plants were 
subjected to salt stress. The increased catalase activity corresponded to decreased levels of H2O2 
in cv. Pokkali; and although superoxide dismutase activity decreased this did not translate to 
8 
 
more membrane damage. In the salt-tolerant soybean cultivar Pusa-37, the activities of 
superoxide dismutase, catalase, ascorbate peroxidase, and glutathione reducatase were increased 
in response to salt stress whereas in a salt-sensitive cultivar, PK-416, the level of lipid 
peroxidation was increased, a direct indication of ROS generation (Kahn et al., 2009).  
Osmoprotection using antioxidant molecules against ROS that accumulate in response to 
salt stress (Shabala et al., 1998; Shabala et al., 2012) is another way that plants can overcome the 
effects of ROS damage. Glutathione, a tripeptide containing cystine, is crucial for relieving 
oxidative stress (Wang et al., 2008) by scavenging singlet oxygen, H2O2, and hydroxyl radicals 
(Briviba et al., 1997; Larson, 1988; Noctor and Foyer, 1998; Smirnoff, 1993). A well studied 
antioxidant is ascorbic acid (Vitamin C) which is water soluble and is able to scavenge 
superoxide, hydroxyl radicals, singlet oxygen, and convert H2O2 into H2O via ascorbate 
peroxidase (Foyer et al., 1997). Cartenoids, such as β-carotene, can help protect chloroplasts 
from oxidative damage by preventing the formation of singlet oxygen by quenching the triplet 
state of the chlorophyll molecules (Foyer et al., 1994). Tocopherols, of which plants have four 
isomers (α-, β-, γ-, and δ-; Kamal-Eldin and Appelqvist, 1996), are potential scavengers of ROS 
and lipid radicals (Hollander-Czytko et al., 2005). A membrane-bound tocopherol, α-tocopherol 
(Vitamin E), helps protect the chloroplasts from photo-oxidative damage (Fryer, 1992) by 
scavenging oxygen radicals. These antioxidants and antioxidant enzymes are often used a bio-
markers to determine the level of oxidative damage within a plant (Ashraf, 2009). 
 A halophyte like quinoa utilizes several of these mechanisms for salt tolerance including 
formation of salt bladders, osmotic adjustment, osmoprotection, sodium exclusion, reduced 
xylem loading of ions, potassium retention, and stomatal control combined with increased water 
use efficacy for an increased rate of gas exchange (Adolf et al., 2013). As a result, quinoa can 
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grow in high saline conditions, which can exceed the salinity of the ocean, measured at an 
electrical conductivity of 45 dS/m, which translates to a 450 mM salt solution. However, salt 
tolerance is not found among all genotypes of quinoa. Genotypes from the Andean Highlands are 
extremely salt-tolerant with little variation in tolerance whereas those genotypes from the 
Lowland regions vary greatly in their reaction to salt stress with some being very salt-sensitive 
(Jeff Maughn, personal communication). In contrast, soybean is a non-halophyte that withstands 
a soil electrical conductivity of 5 dS/m with a yield loss of 50% occurring at 7.5 dS/m (Ayers 
and Westcot, 1985).   
 As with quinoa, it has been noted in soybeans that salt tolerance varies between cultivars 
(Lee et al., 2004; Lee et al., 2008; Lee et al., 2009; Valencia et al., 2008). The lines and cultivars 
that accumulate chloride in the foliar tissue more rapidly than others typically suffer from salt 
stress and are referred to as chloride includers. Those lines and cultivars that take up less 
chloride into their foliar tissue are referred to as excluders and are generally more salt-tolerant.  
 Previous studies have shown that more chloride accumulates in the foliar tissue of 
chloride includers whereas chloride is more prevalent in the root tissue for chloride excluders 
(Abel, 1969; Lenis et al., 2011). However, reports for the tissue responsible for the salt tolerance 
phenotype are conflicting with some studies ascribing salt tolerance to the roots (Grattan and 
Maas, 1985) while others suggest that foliar tissue is responsible (Abd-Alla et al., 1998). To 
properly understand the mechanism for salt tolerance in soybean, knowing the tissue type and 






Sources of soybean salt tolerance 
 Currently, the exact genetic mechanism that confers salt tolerance in soybean is 
unknown, though salt tolerance has previously been shown to be conferred by a single region in 
the genome for some cultivars (Abel, 1969). This region for salt tolerance is closely associated 
with a quantitative trait locus (QTL) and has been traced back to a single parent, S-100, which 
most salt-tolerant US cultivars have in their background (Lee et al., 2004). This QTL region is 
fairly large comprising ca. 150,000 bp on chromosome 3 and is thought to contain about a dozen 
genes. This region has not been sequenced in a chloride excluder genome, though it has been 
sequenced in a chloride includer, Williams 82 (Schmutz et al., 2010).  
Several soybean genes have been implicated in contributing to salt tolerance in soybean. 
Transcription factors probably regulate suites of genes that can be co-expressed to help plants 
deal with high levels of salt, and several have been shown to improve salt tolerance in transgenic 
plants. Overexpression of the soybean DREB2 transcription factor confers salt tolerance in 
transgenic tobacco, Nicotiana tabacum L. (Chen et al., 2007), three bZIP genes involved in 
abscisic acid signaling (Liao et al., 2008), and a WRKY54 transcription factor (Zhou et al., 2008) 
confer salt tolerance in transgenic Arabidopsis whereas an AP2/ERF transcription factor confers 
salt tolerance in transgenic tobacco (Zhang et al., 2009). Other cellular events can also be altered 
via overexpression of soybean genes to impact salt tolerance, for example a putative 
cation/proton antiporter confers salt tolerance in Arabidopsis (Luo et al., 2005). Another example 
is an antiquinin-like aldehyde dehydrogenase (ALDH7) gene that conferred salt tolerance in 
transgenic Arabidopsis and tobacco by reducing lipid peroxidation (Rodrigues et al., 2006). 
However, even though these genes impart salt tolerance when over-expressed in Arabidopsis 
and/or tobacco, their native presence in the soybean genome is not sufficient to confer salt 
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tolerance and they have not been tested for enhancement of salt tolerance in transgenic soybean. 
Individually, the functions of these and many other genes almost certainly enhance salt tolerance. 
None of the genes mentioned above are in the S-100 QTL region located on chromosome 3, so 
they probably do not play a major role in the S-100 derived salt tolerance seen in U.S. cultivars. 
However, because over-expression of these and other gene products has been shown to 
contribute to salt tolerance in a transgenic setting, it does illustrate the complex and multi-faceted 
approach that plants can utilize to deal with salt stress. As such, the exact genetic basis for S-100 
based salt tolerance in soybean remains unknown.  
 Several attempts have been made to determine the genetic basis for salt tolerance in 
soybean on a genome-wide scale rather than by studying individual genes, as mentioned above. 
One study utilized cDNA-AFLP to analyze cv. Lee (chloride excluder) and cv. Enrei (chloride 
includer) after salt treatment for 24 h at the V3 stage (third trifoliate). A total of 144 genes were 
found to be salt responsive. Because some of the salt-induced genes were peroxidases and 
glutathione S-transferases, involved in oxidative protection, this study supports the consensus 
that ROS scavenging is involved in salt tolerance in soybean (Umezawa et al., 2002). Proteome 
analysis of soybean tissues (hypocotyls, leaves and roots) has been performed in cv. Enrei (a 
salt-sensitive edamame cultivar) several times. In germinated seedlings, there were major protein 
profile differences between the roots and the hypocotyls, though many of the proteins identified 
were believed to be associated with embryogenesis (Aghaei et al., 2009). Another study used 7-
day-old seedlings and it was observed that many primary metabolism related proteins were 
down-regulated in response to salt stress (Sobhanian et al., 2010). However, as this study used 
such young plants with unifoliate leaves just emerging, any relation to the effects of salt on 
mature field grown plants is limited. Microarray analysis has also been utilized to determine the 
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transcript levels of soybean transcription factors in response to salt stress (Song et al., 2012). 
However, this study only used one replicate each for H2O and NaCl treatment and only cv. 
Williams 82, a salt-sensitive chloride includer, was used so any genes directly involved in 
chloride exclusion would likely not have been identified. It is important to note that the study by 
Song et al. (2012) did identify epigenetic responses, as seen by differences in methylation of 
genes, in Williams 82 in response to salt stress that could potentially impact inheritance of a salt-
responsive phenotype. Two other large-scale genetic studies have utilized RNA sequencing 
(RNAseq) to identify transcripts (Fan et al., 2013) or microRNAs (Li et al., 2011) that were 
differentially regulated in response to salt stress in the inbred Chinese cultivar HJ-1, which is 
salt-tolerant but independent of S-100 derived salt tolerance. However, a common issue with 
these large-scale genetic studies has been use of only a single cultivar within a study, so 
differential patterns of gene expression between salt-tolerant or –sensitive lines cannot be 
identified. In these studies, either a single salt-tolerant (Fan et al., 2013; Li et al., 2011) or salt-
sensitive (Aghaei et al., 2009; Sobhanian et al., 2010; Song et al., 2012) cultivar was used. In 
addition, statistical interpretation of some of the data is made more difficult due to only a single 
replicate being used (Fan et al., 2013; Li et al., 2011; Song et al., 2012). The genetic basis of S-
100 derived salt tolerance has not been widely studied using high-throughput techniques, except 
with cDNA-AFLP prior to the release of the draft soybean genome (Schmutz et al., 2009). As 
such, it is important to study the differences between chloride excluders and includers on a 
genome-wide scale using multiple replicates for adequate statistical analysis. 
 Despite S-100 being the most common source of salt tolerance in US soybean cultivars, 
several other sources of salt tolerance independent of S-100 have been identified. Genetic lines 
of the wild soybean, G. soja (Lee et al., 2009), can be very salt-tolerant to a level that is 
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equivalent to that in S-100. A distinct salt tolerance QTL in G. soja JWS156-1 was mapped to 
chromosome 17 and also confers tolerance to alkaline salt conditions (Tuyen et al., 2010). Two 
other wild perennial soybean species, G. argyrea and G. tomentella, have also shown a high 
degree of salt tolerance as seen by lower salt damage ratings than observed in G. soja and G. max 
(Lenis et al., 2011). The wild soybeans show similar reactions to salt stress from saline soils with 
reduced chloride in foliar tissue and higher chloride concentrations in the roots. However, the 
leaves of G. argyrea and G. tomentella are less sensitive to chloride burn than G. max or G. soja. 
Another source of salt tolerance in modern cultivars is cv. Fiskeby III, with the degree of salt 
tolerance being similar to S-100 (Lenis et al., 2011).  
 Salt-stress reduces the vigor, seed quality and yield in soybean plants making salt 
tolerance a desirable trait for breeders to incorporate. Although a QTL has been identified, 
breeders rely on phenotypic salt stress tests to screen lines for sensitivity or tolerance (Lee et al., 
2004; Valencia et al., 2008). Screening methods include using hydroponic systems (Valencia et 
al., 2008), field screening in saline soils (Lee et al., 2004), conetainer (Lee et al., 2008), and sand 
(Grattan and Maas, 1985). However, depending on the method for screening and the fertilizer 




, etc.) giving a false positive 
for salt tolerance. Because of the variability in screening methods between research groups there 
is no uniform test for salt tolerance, though several inexpensive tests have been developed 
(Grattan and Maas, 1985; Lee et al., 2008). Phenotypic screening and measuring chloride uptake 
are useful in identifying salt-tolerant lines, but there is no single reliable genetic test for salt 
tolerance, though a SSR marker reportedly exists for the S-100 QTL (Lee et al., 2004) its utility 
has not been demonstrated. This makes identifying physiological and/or genetic characteristics 
beyond phenotyping salt damage an invaluable tool to aid in the breeding process. 
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Transgenic approaches to salt tolerance 
 Because of the effectiveness of antioxidants and antioxidant enzymes, they are often 
tested in a transgenic approach to improve plant salt tolerance. For example, glutathione S-
transferase and glutathione peroxidase genes were introduced into tobacco which resulted in 
higher levels of glutathione and ascorbate than wild-type plants, and ultimately lead to increased 
tolerance to various stresses including salt (Roxas et al., 2000). The DHAR1 gene, encoding 
dehyroascorbate reductase, increased ascorbate levels in transgenic Arabidopsis leading to 
greatly increased salt tolerance (Ushimaru et al., 2006). Transformation of tobacco with Chl-
APX5, an ascorbate peroxidase gene, lead to enhanced tolerance to salt and water stress (Badawi 
et al., 2004). A catalase gene, katE, which was transferred into tobacco improved the resistance 
of the translational machinery in the chloroplasts to salt stress (Al-Taweel et al., 2007). Likewise, 
in tobacco plants with reduced expression via RNA silencing of genes involved in synthesis for 
α- and γ-tocopherols, there was a dramatic decrease in salt tolerance compared to the wild-type 
plants (Abbasi et al., 2007). 
 Other transgenic approaches have have sough to increase osomlytes like glycine betaine 
or mannitol for salt tolerance. In tobacco, a bacterial mannitol-1-phosphate dehydrogenease was 
targeted to the chloroplasts using an amino-terminal transit peptide for the chloroplasts (Shen et 
al., 1997). Transgenic plants accumulated mannitol in the chloroplasts and a transgenic line 
accumulating 100 mM mannitol was selected for further characterization. Not only were 
transgenic plants more salt-tolerant, but CO2 fixation increased and when plants were challenged 
with dimethyl sulfoxide (DMSO), ROS levels were considerably lower than in wild-type plants. 
In another tobacco study, two glycine betaine biosynthetic genes from Escherichia coli, betA and 
betB were introduced singly and in combination with each other (Holstrom et al., 2000). Only the 
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lines expressing betA accumulated betaine, though the combination of betA and betB increased 
the levels of betaine. When challenged with salt stress, transformed plants accumulating betaine 
were more salt-tolerant and had higher photosynthetic rates. Transgenic Medicago truncatula 
Gaertn. transformed with Δ
1
-pyrroline-5-carboxylate dehydrogenase synthesized higher levels of 





 antiporters has also been utilized as a strategy to improve salt 




antiporter which was localized to 
the vacuoles (AtNHX1) resulted in greatly improved salt tolerance even with treatment with 200 




 antiporters are important for 
salt tolerance (Apse et al., 1999). 
 As previously mentioned, several soybean genes have been introduced into Arabidopsis 
and tobacco and have resulted in improved salt tolerance. In addition to these, a glutathione S-
transferase (GST1) from soybean was over-expressed in Arabidopsis and tobacco BY-2 cells 
(Chan and Lam, 2014). In transgenic BY-2 cells, the levels of ROS were reduced under salt 
stress and cell survival was greatly improved compared to untransformed cells. Likewise, 
transgenic Arabidopsis plants subjected to salt stress had reduced salt damage compared to 
untransformed controls. As the authors also saw an induction of GST1 in salt stressed soybeans, 
they postulated that GST1 could be involved in salt tolerance in soybean. However, none of these 
transgenic approaches have been tried in soybean though several show promise for improving 






Physiological responses to salt stress 
 As mentioned above, salt damage in a plant can be ultimately due to three factors, 
osmotic stress, loss of ion balance and toxicity from the ions. Surprisingly, roots are generally 
more tolerant of salts than foliar tissues, though little is known about the exact mechanisms of 
why this is so (Munns, 2002). Additionally, older leaves are more afflicted than younger tissues, 
probably because salt ions accumulate and cause damage over time in non-halophytes. 
 In addition to visual screening, several methods have been used to determine salt 
tolerance, including measurement of biomass reduction or plant survival (Greenway and Munns, 
1980). Photosynthesis is a common measurement taken in many plant species as it has long been 
known that salt stress reduces the rate of photosynthesis in plants including chickpea, Cicer 
arietinum L. (Soussi et al., 1998), common bean (Phaseolus vulgaris L.), cotton (Gossypium 
hirsutum L.; Brugnoli and Lauteri, 1991), English pea (Pisum sativum L.; Velitchkova and 
Fedina, 1998), and wild and cultivated soybeans (Kao et al., 2003; Kao et al., 2006; Lu et al., 
2009). Although light response curves have not been utilized much in measuring the effects of 
salt stress, the photosynthetic responses to CO2 concentrations have been used as a measure of 
salt stress in olive, Olea europaea L., (Bongi and Loreto, 1989) and spinach, Spinacia oleracea 
L. (Downton et al., 1985).  
 It has been suggested that a reduction in chlorophyll due to salt stress is universal among 
plants (Parida and Das, 2005). Several studies have shown that salt stress alters chlorophyll 
content in cucumber, Cucumis sativus L., (Yildirim et al., 2006) and soybean (Abd El-Samad 
and Shaddad, 1997; Kao et al., 2003; Lee et al., 2008), though only a single time point was used 
for the reading in these studies and little is known about how chlorophyll levels are affected by 
salt stress over time. In soybean, chlorophyll levels have been directly linked to the rate of 
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photosynthesis and a reduction in chlorophyll levels corresponds to a reduction in photosynthetic 
rate (Buttery and Buzzell, 1977). Given this, it is not surprising that salt stress lowers both 
chlorophyll levels and photosynthetic rates in salt-sensitive cultivars. However, in salt-tolerant 
cultivars, there was a reduction in photosynthetic rate but chlorophyll levels were not decreased 
and in some cases increased (Lee et al., 2008). 
 In addition to differences in chlorophyll levels, soybean chloride excluders and includers 
differ in the concentration of ions by tissue type. Other than the difference in visible damage 
between salt-sensitive and tolerant soybeans, the difference in ion levels in foliar and root tissue 
was one of the earliest distinguishing characteristics identified (Abel and MacKenzie, 1964). 
Early on it observed that salt-sensitive soybeans had ions equally distributed through foliar and 
root tissue whereas the more salt-tolerant soybeans had lower levels of ions, especially chloride, 
in the foliar tissue and much higher levels of ions in the roots (Abel and MacKenzie, 1964; Abel, 





 (Wieneke and Lauchi, 1979). Although chloride and sodium are the most 
common ions studied for their effects on soybean, other ions have been investigated. Calcium 
has previously been shown to be an essential cation for soybean health, especially when under 
salt stress (Wieneke and Lauchi, 1980). Complicating matters, with long-term exposure to salt 
stress, the differences in foliar chloride and sodium concentrations between chloride excluders 
and includers were negated and both groups eventually develop salt damage symptoms, though 
in the case of chloride excluders it takes longer for symptoms to appear (Lauchi and Wieneke, 
1979; Wieneke and Lauchi, 1980). This difference in foliar and root ion concentrations between 
a salt-sensitive and salt-tolerant geneotype has also been observed in G. soja with G. soja 
selections BB52 and N23232 showing decreased foliar but high root chloride and sodium 
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concentrations, similar to those in cultivated soybean chloride excluders (Luo et al., 2005). It was 
also observed that BB52 and N23232 had superior leaf tolerance to NaCl stress compared to G. 
max with BB52 and N23232 sequestering salts in the leaf vacuoles, whereas G. max chloride 
excluders and includers did not. Pre-treatment at the seedling stage with low levels of NaCl 
increased the salt tolerance of cv. Lee (chloride excluder) at high levels of salt stress later on 
(Umezawa et al., 2000); however, the effect of salt pre-treatment on salt-sensitive chloride 
includers was not tested. 
 To deal with or as the result of the influx of ions into the foliar tissue, both chloride 
excluders and includers exhibit physiological changes. In a comparison of soybean genotypes 
that vary in salt response, the more salt-tolerant genotypes had better growth characteristics, as 
seen by fresh weight, dry weight and plant height following salt treatments (Khan et al., 2009). 
Surprisingly, the most tolerant genotypes tested had the lowest activity of antioxidant enzymes 
whereas the most sensitive genotypes had the highest activity; this finding suggests that the salt 
tolerance observed was not a result of increased oxidative protection. Additionally, this could 
also indicate that antioxidant responses were not as strongly induced in tolerant genotypes 
because there were fewer salt ions causing stress in foliar tissues. In this example, it is important 
to note that the genotypes tested were from SE Asia and did not have the S-100 QTL. Neither the 
salt tolerance in Lee 68, thought to be derived from S-100, nor the tolerance observed in G. soja 
N23232 are tied to increased oxidative protection, though oxidative protection has been well 






Interaction of abiotic factors and biotic factors 
 One of the basic concepts of plant pathology is the idea of the disease triangle that shows 
how the interaction of a susceptible host, a virulent pathogen, and a favorable environment is 
required for disease to occur (Agrios, 2005). However, this three-way interaction is rarely this 
clear in natural settings. Different host ecotypes and virulence in the pathogen may result in 
different disease phenotypes. Complicating matters, changes in environmental conditions can 
alter the disease phenotype even when a virulent pathogen and susceptible host are present 
(Colhoun, 1973; Garrett et al., 2006; Jarosz and Burdon, 1988). As current global air 
temperatures are continuing to increase (IPCC, 2007), understanding how abiotic and biotic 
stresses impact plant health and the responses of plant to try and overcome these obstacles is 
vital to our survival (Atkinson and Urwin, 2012). The plethora of work done on these 
interactions suggests that plants respond to each stress synergistically, yielding results that could 
not have been predicted by looking at each stress alone (Mittler, 2006; Rizhsky et al., 2004). 
Besides interacting with pathogenic microorganisms, plants also interact with beneficial 
microorganisms that can be impacted by environmental factors as well. This additional 
interaction may alter the outcome of the various stresses on the plant, complicating matters.  
 The interaction of salt stress and plant pathogens are of interest as each can reduce yields 
significantly on their own and the combined stresses could result in even lower yields. Pythium 
species have long been studied for their interaction with salt stress and are of concern in 
agriculture in general. A greenhouse study on cucumber in Oman showed that when salt stress 
was increased, the incidence of Pythium damping-off disease increased dramatically (Al-Sadi et 
al., 2010). The increase in salinity also increased the growth of some Pythium isolates in vitro 
but not others. This was reflected in differing levels of tolerance among the 51 isolates used with 
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ALFP analysis confirming the differences observed. Previously, irrigation of cucumbers with 
saline water was implicated in increased disease in Oman (Al-Kiyumi, 2009). In another study, 
three Pythium isolates also caused more disease when seedling geraniums, 
Pelargonium × hortorum ‘Showgirl’, were salt stressed (Gladstone and Moorman, 1989) than in 
unstressed plants. In another study on the interaction of Pythium and salt stress, it was observed 
that salt stress predisposed creeping bentgrass, Agrostis stolonifera L., to Pythium blight 
accelerating the progression of the disease (Rasmussen and Stanghellini, 1988). It was also 
observed that increasing levels of salt allowed the pathogen to cause more severe disease at a 
larger range of temperatures  
 Another group of Oomycete pathogens, in the genus Phytophthora, have also been 
extensively studied for interactions on plants with salt stress. In one study, salt stress increased 
the severity of Phytophthora root rot in chrysanthemums, Chrysanthemum morifolium Ramat., 
(MacDonald, 1982) independent of in vitro salt treatment of the pathogen, showing that salt 
stress increased the susceptibility of the host to disease. Another study showed that susceptible 
chile pepper, Capsicum annuum L., plants had a significant increase in disease severity due to 
infection with Phytophthora capsici whereas no such increase was seen in resistant plants 
(Sanogo, 2004). Another Phytophthora species, P. parasitica, was shown to increase the severity 
of Phytophthora root rot in two tomato lines, Solanum lycopersicum L. (Swiecki and 
MacDonald, 1991) at an early stage of growth. In most cases salt stress on Phytophthora 
increased mycelia growth (Sanogo, 2004) but also had a negative impact on sporangia and 
zoospore formation (Blaker and MacDonald, 1985; Sanogo, 2004; Swiecki and MacDonald, 
1991). However, an isolate of P. parasitica produced the most sporangia compared to the other 
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isolates used under saline conditions above 5 dS/m (Blaker and MacDonald, 1985) so it is 
possible that Phytophthora isolates exist that can not only grow in saline conditions but thrive. 
 There have been conflicting results on the effect of salt stress on disease severity caused 
by the fungal pathogen, Fusarium oxysporum. In tomato, a field study showed that irrigation 
with saline water increased disease severity and led to earlier disease onset and lower yields, 
compared to irrigation with non-saline water (Triky-Dotan et al., 2005). However, a previous 
study showed that salt stress alone did not cause an increase in disease severity (Woltz et al., 
1992). One possible explanation for this discrepancy is that the earlier study used a mixture of 
Canadian peat and perlite with a very acidic pH (4.0-5.7) with treatments and nutrients added 
later whereas the later study was conducted in field conditions using field soil from different 
locations in Israel with a much higher pH (7.6-8.1). Previous work has shown that at a lower pH, 
F. oxysporum disease severity is reduced in tomato (Jones and Woltz, 1969). Another 
explanation could be that the two studies used different tomato cultivars, though the pH of the 
second study is the more likely explanation. In soybean, salt stressed increased soybean sudden 
death syndrome disease severity in one of the chloride excluder cultivars tested, Hartz 6686, but 
not in any of the other cultivars (Rupe et al., 2000). It was also observed that the egg densities of 
the soybean cyst nematode increased with salt stress in both Hartz 6686 and Tera Vig 6653, a 
chloride includer at an early growth stage, but not at harvest. In asparagus, Asparagus officinalis 
L., increasing the salinity of the soil resulted in lower disease severity for both F. proliferatum 
and F. oxysporum f. sp. asparagi in growth chamber experiments (Reid et al., 2001). These 
results were verified in a field study where an old asparagus bed was treated with salt and 
replanted (Elmer, 2004). However, it is not surprising that asparagus thrived under salt treatment 
as asparagus is considered highly salt-tolerant (Ayers and Westcot, 1985) and historically salt 
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has been sown into asparagus bed to improve yields and reduce disease incidence. In this case, it 
is likely that the reduction in disease severity is a result of the improved vigor of salt treated 
asparagus plants, or as a direct negative effect of salt on pathogens. 
 In olive, Verticilum dahliae disease severity was increased by saline growing conditions 
and V. dahliae exhibited increased growth under the same saline conditions (Levin et al., 2007). 
This agrees with previous reports of V. dahliae having increased colonization of potato, Solanum 
tuberosum L., in a moderately resistant cultivar, cv. Desiree, but not a highly resistant cultivar, 
cv. Cara (Nachmias et al., 1993). Additionally, Alternaria solani disease severity was increased 
in potato by salt stress. Thus, although there are exceptions reported in the literature, it is 
generally the case that salt stress tends to make plants more susceptible to disease caused by 
fungi or Oomycetes. With the results of these studies, the danger posed by disease severity being 
increased by salt stress is clear. Very little work has been done on the interactions of plant 
viruses and salt stress, and so the potential for increased losses cannot be discounted and a 
grower would be left with little recourse if these two-factors interact in field settings.  
 Even though some pathogens can cause increased disease in the presence of salt stress, 
not all microorganisms are bad. A plethora of work has been done on the interaction of beneficial 
microorganisms and their potential to reduce the severity of salt stress (Dodd and Perez-Alfocea, 
2012; Evelin et al., 2009). For example, the interaction of vesicular-abuscular mycorrhizal fungi 
and cucumber in reducing the effect of salt stress was found to be independent of the growth 
promoting effect of the mycorrhizal isolates tested (Rosendahl and Rosendahl, 1991). In maize, 
mycorrhizal fungi contribute to improved salt tolerance in salt stressed plants by promoting 
higher levels of soluble sugars which improves osmotic regulation in colonized plants (Feng et 
al., 2002). Likewise, colonization of pepper plants by mycorrhizal fungi results in better osmotic 
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regulation under salt stress than non-colonized plants (Kaya et al., 2009). In poplar, Populus x 
canescens, colonization of the roots by an ectomycorrhizal fungus resulted in higher rates of 
photosynthesis and reduced salt damage in salt stressed plants compared to non-colonized plants 
(Luo et al., 2011). Similarly, maize colonized with the mycorrhizal fungus Glomus mosseae 
increased chlorophyll content, improved water usage efficiency, and an increased rate of 
photosynthesis under salt stress (Sheng et al., 2008).  
 In addition to mycorrhizal fungi, other fungi have been associated with improved salt 
tolerance in colonized plants. In association with soybean, Penicillium funiculosum LHL06 
isolate GMC-2A dramatically improved plant health in a chloride includer exposed to salt stress, 
though the plants still suffered the affects of salt stress (Kahn et al., 2011). In the absence of salt 
stress, germination and plant growth was greatly improved in GMC-2A, and under salt stress 
conditions chlorophyll levels and the rate of photosynthesis were increased compared to non-
inoculated controls. Furthermore, other growth characteristics were improved, such as leaf area, 
shoot length, and fresh and dry weight.  
 Mycorrhizal fungi are not the only microorganisms that can help plants deal with salt 
stress. Rhizobial bacteria have also been extensively studied for their effects on salt stressed 
plants (Dimkpa et al., 2009). One group of bacteria that have been shown to improve salt 
tolerance is those with 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity due to an 
enzyme that acts on ACC, a precursor to the plant hormone ethylene. In maize, 20 isolates of 
soil bacteria that exhibited ACC deaminase activity were screened with salt stressed plants 
(Nadeem et al., 2007). Of these 20 strains, six were selected for further testing and under saline 
conditions colonization with the bacteria increased plant height, root length, total biomass, cob 
biomass, chlorophyll levels, and grain yield significantly. In peanut, Arachis hypogaea L., 
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colonization with Pseudomonas fluorescens strain TDK1 also improved salt tolerance in saline 
growing conditions compared to uncolonized controls (Saravanakumar and Samiyappan, 2007). 
Another group of bacteria that have beneficial effects on salt stressed plants are from the genus 
Azospirillum. Inoculation of lettuce, Lactuca sativa L., seeds with A. brasilense resulted in 
improved germination and vegetative growth yielding more biomass (Barassi et al., 2006). The 
same trend was seen in colonized maize plants under salt stress (Hamdia et al., 2004) as well as 
in chickpea and faba bean, Vinca faba L. (Hamaoui et al., 2001). In wheat, strains of bacteria 
that produce exoploysaccharides reduce uptake of sodium and promote more growth under 
saline conditions (Ashraf et al., 2004). Thus, a number of bacterial symbionts present in the 
rhizosphere probably have an important impact on salt tolerance in the field. 
 Failing the identification of salt tolerance genes in soybean, using beneficial 
microorganisms could be a possible tool for improving crop yields under saline conditions. If 
beneficial microorganism and improved genetics for salt tolerance could both be deployed, then 
the potential exists for dramatically increased yields. In lettuce seed-inoculated with a beneficial 
bacterium, yields were 50% greater under saline conditions than in un-inoculated plants (Barassi 
et al., 2006). Lettuce is considered salt-sensitive with damage occurring at an EC of 1.5dS/m 
(Ayers and Westcot, 1985). Such a dramatic increase in yield is promising and warrants further 
research efforts. 
 Although the combined effects of abiotic factors on plants colonized by fungi and 
bacteria has been well studied, not as much is known about the interactions of plant viruses and 
abiotic factors on plants. Other than the role of heat and the subsequent triggering of RNA 
interference (RNAi), little has been published on the interaction of plant viruses and abiotic 
stress. In several well studied cases, induction of the RNAi host-plant machinery by heat stress 
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suppresses viral replication and can lead to symptom reduction in plants exposed to elevated air 
temperatures (Escaler et al., 2000; Taliansky et al., 2004). In tomato plants treated with arsenic, 
the level of Cucumber mosaic virus (CMV) slightly increased (Miteva et al., 2005) and the 
combination of arsenic and CMV greatly reduced plant growth compared to either factor alone. 
In another study, Brome mosaic virus-infected (BrMV) rice was more drought tolerant than 
uninfected rice plants (Xu et al., 2006) and infection of several plant species with CMV and 
Tobacco mosaic virus (TMV) also increased drought tolerance. Although the rice plants infected 
with BrMV showed typical virus symptoms it is noteworthy that in that study the plants infected 
with CMV and TMV did not exhibit typical symptoms, thus it is unclear how some of the data 
are to be interpreted. In contrast, Turnip mosaic virus when combined with drought and heat 
stress reduced Arabidopsis health faster than heat or drought alone (Prasch and Sonnewald, 
2013). In soybean, the interaction of SMV and ozone has been studied in which ozone induced a 
non-specific response to the virus that reduced the level of SMV in treated plants (Bilgin et al., 
2008).  
 Compared to what is known about the interaction of other microorganisms and abiotic 
stresses, the research including the interactions of plant viruses is woefully lacking. In most 
cases, with the notable exception of the RNAi pathway being induced by heat, the exact 
mechanism and cause for the changes in virus levels and phenotypic effects on plant health is not 
known. With the current change in environmental conditions towards warmer temperatures 
(Anderson et al., 2013), understanding how abiotic factors such as drought, heat and salt stress 






 In addition to environmental stress in agricultural settings, disease is a common cause of 
yield loss. Virus infection can cause severe yield loss and reduce seed quality. Soybeans are 
afflicted by several viruses worldwide. In the US, the most important soybean viruses are Alfalfa 
mosaic virus (Fleysh et al., 2001), Bean pod mottle virus (BPMV; Giesler et al., 2002), Peanut 
stunt virus (Clark and Perry, 2002), Soybean dwarf virus (Damsteegt et al., 2011), Soybean 
mosaic virus (SMV; Ren et al., 1997), Soybean vein necrosis virus (Zhou and Tzanetakis, 2013), 
Tobacco ringspot virus (TRSV; Yang and Hamilton, 1974), and Tobacco streak virus (Clark and 
Perry, 2002). Currently, no resistance is available for BPMV or TRSV in commercial cultivars of 
G. max, though it has been reported for SMV (Gerlach et al., 1987; Giesler et al., 2002). Also 
due to the emergence of SMV isolates that are capable of overcoming resistance in soybeans 
containing the Rsv-gene (Gagarinova et al., 2008), SMV is becoming more of a threat. SMV is a 
Potyvirus in the family Potyviridae and can be vectored by at least 30 species of aphid, but is 
mainly vectored by the soybean aphid, Aphis glycines Matsumura, in the US since its 
introduction in 2000. Yield losses due to SMV can range to levels as high as 30 to 70% in 
infected fields depending on environmental conditions, making control of the vector extremely 
important (Wu et al., 2004).  
 
Why study salt stress, viruses and their vectors? 
 Soybeans are an important agronomic crop grown worldwide for feedstock and oil 
(Hartman et al., 2011). Arkansas has the 10
th
 highest production of soybeans in the US (English 
et al., 2013). In 2013, this represented 3.26 million acres planted and 3.23 million acres 
harvested with an average yield of 43.5 bushels per acre resulting in 140.5 million bushels 
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harvested. With soybeans selling at $13.10 per bushel, this represented $1.84 billion added to the 
Arkansas economy making soybeans the highest value agronomic crop in Arkansas in 2013 
(National Agricultural Statistics Service, 2014). Given the potentially devastating yield losses 
due to saline soils, 50% loss with soil salinity at 7.5 dS/m, understanding how salt-tolerant 
soybeans cope with salt stress is vital for continued production.  
 It is highly likely that overlapping problems of salt stress and virus infection can be 
present in the same field; however, few studies have been completed describing the effects of salt 
stress on plant viruses, such as SMV, or whether viral infection impacts plant salt-tolerance. 
Likewise, little is known on how salt stress impacts viral vectors, such as the soybean aphid. As 
such, the proposed outcome of this work is to elucidate the transcriptional response of chloride 
excluders and includers, the effect of SMV infection on salt-tolerance, and the interaction of salt 
stressed soybeans, SMV infection and infestation with the soybean aphid. 
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Chapter 2: A soybean, Glycine max (L.) Merr., chloride excluder and a chloride includer 















 Saline soils are becoming a problem in agriculture with 7-8% of the world’s arable land 
considered saline with electrical conductivity readings of more than 4 dS/m in saturated soil 
(Tanji, 2002). In the US, much of the ground water is considered saline though the depth to reach 
the saline portions varies by location (Alley, 2003). Plants have diverse ways of dealing with salt 
stress and as a result vary by species and growing environment in their ability to deal with salts. 
Mechanisms for salt tolerance can also vary widely among plants, with different genotypes using 
a combination of strategies to varying degrees of success. 
 Soybean, Glycine max (L.) Merr., cultivars differ in their reaction to salt stress. Some are 
partially able to exclude chloride and other ions from the foliar tissue and are partially salt-
tolerant and called chloride excluders whereas those that cannot are salt-sensitive and referred to 
as chloride includers (Abel and MacKenzie, 1964). In many modern chloride excluding 
soybeans, this trait derives from an old introduction, S-100, which contains a quantitative trait 
locus (QTL) associated with salt tolerance (Lee et al., 2004). However, the exact mechanism for 
salt tolerance and the genetic basis for the differences in salt responses are currently unknown. 
The genes in the S-100 derived salt tolerance QTL are not known and only the genome for a 
chloride includer, Williams 82, has been sequenced (Schmutz et al., 2010). Although the S-100 
salt tolerance QTL is the most common source of salt tolerance in US soybeans, it is not the only 
one (Fan et al., 2013; Lee et al., 2009; Lenis et al., 2011; Li et al., 2011; Tuyen et al., 2010). 
 Attempts to determine the genetic basis for soybean salt tolerance have ranged from 
examining individual genes to genome-wide approaches though little success has been seen in 
determining the reasons for observed phenotypes. In studies focusing on contributions of single 
genes, several have conferred salt tolerance in transgenic Arabidopsis thaliana (L.) Heynh. 
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(Arabidopsis) or tobacco, Nicotiana tabacum L., but none have been tested for salt tolerance in 
soybean. A few examples of these genes include a DREB2 gene conferring salt tolerance in 
tobacco (Chen et al., 2007), several bZIP genes conferring tolerance in Arabidopsis (Liao et al., 
2008), an antiquinin-like ALDH7 gene conferring tolerance in both Arabidopsis and tobacco 
(Rodrigues et al., 2006), and a putative cation/proton antiporter conferring tolerance in 
Arabidopsis (Luo et al., 2005). Although these genes did confer salt tolerance in transgenic 
plants, none of these genes are located within characterized salt-tolerance QTLs. 
 Several attempts have been made to study the genetic basis for salt tolerance in soybean 
on a genome-wide scale. One study utilized cDNA-AFLP to analyze cv. Lee (a chloride 
excluder) and cv. Enrei (a chloride includer) after plants were salt stressed for 24 h at the V3 
stage (third trifoliate). A total of 144 genes were found to be salt responsive and as some of the 
induced genes were peroxidases and glutathione S-transferases involved in oxidative protection, 
the findings supported the hypothesis that reactive oxygen species scavenging is involved in salt 
tolerance in soybean (Umezawa et al., 2002). Proteome analysis of soybean hypocotyls, leaves 
and roots has been performed in several studies using cv. Enrei, a salt-sensitive edamame 
cultivar. One analysis used germinated seedlings and found differences between the roots and the 
hypocotyls, though many of the proteins identified were most likely expressed during 
embryogenesis (Aghaei et al., 2009). Another study used 7-day-old seedlings and it was 
observed that metabolically related proteins were down-regulated in response to salt stress 
(Sobhanian et al., 2010). However, the plants tested were 7-day-old seedlings, making any 
determination of the effects of salt stress on field grown plants difficult to determine. Other 
attempts have utilized microarray analysis to determine the transcript levels of soybean 
transcription factors in response to salt stress. For example, Song et al. (2012) used one replicate 
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each for H2O and NaCl treatments and only Williams 82 (a chloride includer) was analyzed, 
reducing the usefulness of this study in determining the cause of salt tolerance in soybean. It is 
important to note that the study by Song et al. (2012) identified epigenetic responses, as seen by 
differences in methylation of genes, in Williams 82 in response to salt stress, which could impact 
inheritance of salt tolerance. Two other large-scale genetic studies have utilized RNA sequencing 
to identify mRNA transcripts (Fan et al., 2013) or microRNAs (Li et al., 2011) that were 
differentially regulated in response to salt stress in the inbred Chinese cultivar HJ-1, which is 
salt-tolerant but independent of S-100 derived salt tolerance. Although these studies have helped 
shed light on how soybean transcripts respond to salt stress, often a single cultivar was utilized, 
either salt-tolerant (Fan et al., 2013; Li et al., 2011) or salt-sensitive (Aghaei et al., 2009; 
Sobhanian et al., 2010; Song et al., 2012), which does not help to answer why some soybeans are 
salt-sensitive whereas others are salt-tolerant. Another issue is that S-100 derived salt tolerance 
has not been genetically studied on a large scale, except with cDNA-AFLP prior to the release of 
the draft soybean genome (Schmutz et al., 2009).  
 With the lack of direct comparison between chloride excluders and includers, it is long 
overdue to study the differences between chloride excluders and includers on a genome-wide 
scale. The purpose of this study was to determine the transcript abundance levels utilizing Gene 
Chip
TM
 analysis in a chloride excluder containing the S-100 salt tolerance QTL, cv. Manokin, 







Materials and methods 
Salt treatment  
 Two soybean cultivars that differ in chloride uptake, the salt-sensitive cv. Clark and the 
salt-tolerant cv. Manokin were surface sterilized in 10% Clorox bleach for 3 min and rinsed with 
deionized H2O. Seeds were germinated on moistened filter paper. One seedling was transplanted 
into pasteurized river sand in each 10.2- by 10.2- by 8.9-cm square plastic pot containing a layer 
of newspaper in the bottom to contain the sand. The plants were grown in a greenhouse with 16 h 
light, with supplemental lights as needed, and an average daytime temperature of 22-26°C and an 
average nighttime temperature of 18-20°C. Seedlings were fertilized every week with 0.5x 
Miracle-Gro
®
 All Purpose Fertilizer (24N-8P-16K, with urea as nitrogen source) according to the 
recommended directions until plants had reached V1 growth stage (McWilliams et al., 1999), 
with appearance of the first fully emerged trifoliate. Plants were selected for uniform appearance 
and salt treatments were initiated at V1 with four pots per cultivar per treatment with either H2O 
or 100 mM NaCl. Plants were fertilized every other day with 0.5x Miracle-Gro
®
 All Purpose 
Fertilizer. All pots were treated in the same 54.61- by 27.94-cm tray and soybeans were partially 
flooded for 2 h daily with 2 L solution poured into the bottom of the tray. Individual pots were 
treated as replicates arranged as a completely randomized factorial design. After 6 days of 
treatment but before visible salt damage on the trifoliate leaves, leaf tissue from the first trifoliate 
was removed from three individual plants per cultivar per treatment and stored in aluminum foil 
followed immediately by immersion in liquid nitrogen. Tissue was stored at -80°C until 
extraction. Salt treatments were continued until visible salt damage appeared on the second 




RNA extraction and quality control 
 RNA for Gene Chip
TM
 analysis was extracted from the collected tissue using RNeasy
®
 
(Qiagen, Venlo, Netherlands) with 1 µL of β- mercaptoethanol added for every 1 mL of RLT 
buffer. Briefly, tissue was homogenized in liquid nitrogen immediately followed by placing 100 
mg of tissue into 450 µL RLT buffer (with β-mercaptoethanol) and vortexing. The resulting 
mixture was centrifuged at 12,000 x g for 30 sec to pellet cellular debris. The supernatant was 
pipetted into a QIAshredder spin column and centrifuged for 2 min at 12,000 x g. The flow-
through was carefully pipetted into a new 2 mL microcentrifuge tube. Then absolute ethanol, 
0.5x volume of the flow-through, was added to the flow-through and mixed by inversion. The 
resulting mix was transferred into an RNeasy spin column and centrifuged for 15 sec at 12,000 x 
g. The supernatant was discarded and the column washed with 700 µL Buffer RW1 and 
centrifuged for 30 sec at 12,000 x g. The flow-through was discarded and 500 µL Buffer RPE 
was added to the column and centrifuged for 30 sec at 12,000 x g. This step was repeated and the 
column placed into a new 2 mL collection tube and dried by centrifugation for 2 min at 12,000 x 
g. The RNA was eluted with 50 µL elution buffer at room temperature and centrifuged for 1 min, 
and stored at -80°C. RNA was quantified on a Bio-Spec Nano spectrophotometer (Shimadzu, 
Kyoto, Japan) and quality was verified on an Experion capillary electrophoresis system (Bio-
Rad, Berkeley, CA) according to the manufacturer’s recommendations. Briefly 2 µL of RNA 
was denatured at 70°C for 2 min followed by 5 min on ice. While the RNA incubated on ice, 9 
µL of pre-filtered gel-stain solution (GS) was pipetted on the standard sensitivity RNA chip and 
then the chip placed in the priming station on pressure setting B and time setting 1. Loading 
buffer (5 µL) was added to each sample well (1-12) and marker wells. After this, 1 µL RNA or 
ladder was pipetted into the respective sample or ladder well. After ensuring the absence of 
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bubbles, the chip was mixed in the vortex station for 60 sec and then placed in the Experion chip 





 Twenty-five µL of RNA was packaged and shipped to University of Michigan Genomic 
Services Center on dry ice for Gene Chip
TM
 analysis using the Affymetrix (Santa Clara, CA) Soy 
Gene ST 1.1 Strip Array Gene Chip
TM
 according to the manufacturer’s recommendations. 
Briefly, cDNA was synthesized using the Affymetrix One-Cycle cDNA synthesis kit using 1 µg 
total RNA, 2 µL diluted poly-A RNA control, 2 µL 50 µM T7-Oligo(dT) primer and nuclease-
free H2O to a final volume of 12 µL. The samples were heated to 70°C for 10 min and held at 
4°C for 2 min followed by centrifugation to collect the sample to the bottom of the tube. First 
strand master mix, 7 µL, was added to the samples (4 µL 5x 1
st
 strand reaction mix, 2 µL 0.1 M 
DTT, 1 µL 10 mM dNTP mixture) and incubated at 42°C for 2 min and 1 µL SuperScript II for a 
final volume of 20 µL. The reaction was then incubated at 42°C for 1 h and then cooled at 4°C 
for at least 2 min. Following this, the second strand synthesis was undertaken using the following 
reaction mix: 91 µL nuclease-free H2O; 30 µL 5x 2nd strand reaction mix; 3 µL 10 mM dNTP 
mixture; 1 µL E. coli DNA ligase; 4 µL E. coli DNA Polymerase I; and 1 µL RNase H. The 
master mix was added to the first-strand synthesis reaction and incubated for 2 h at 16°C 
followed by the addition of 2 µL T4 DNA Polymerase to each sample and incubation for 5 min 
at 16°C. After the incubation, the reaction was stopped with 10 µL of 0.5 M EDTA and samples 
cleaned up for further use. Briefly 600 µL of Gene Chip
TM
 IVT cDNA Binding Buffer was added 
to each sample and mixed by vortexing for 3 sec and then 250 µL of 100% ethanol was added to 
the lysate and mixed by inverting the tube. Following this, 500 µL of sample was added to the 
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IVT cDNA Cleanup Spin Column and centrifuged for 15 sec at 8,000 x g with the flow through 
discarded and the remaining sample passed as before. The columns were then placed into new 2 
mL collection tubes and 750 µL of IVT cDNA Wash Buffer was added followed by 
centrifugation for 15 sec at 8,000 x g. The column was then dried by centrifugation for 5 min at 
maximum speed and the column transferred to a new 1.5 mL tube and the cDNA eluted with 14 
µL of nuclease-free H2O followed by centrifugation for 1 min at maximum speed. The cDNA 
was then labeled with biotin using the following mixture: 12 µL of cDNA; 4 µL10x IVT 
Labeling Buffer; 12 µL IVT Labeling NTP mix; 4 µL of IVT Labeling Enzyme Mix; 8 µL 
nuclease-free H2O. The reagents were mixed by inverting the tube and briefly centrifuged at 
maximum speed (~5 sec) and incubated for 16 h at 37°C. The labeled cDNA was then cleaned up 
by adding 60 µL of nuclease-free H2O and vortexed for 3 sec followed by adding 350 µL IVT 
cRNA Binding Buffer and mixing by vortexing. Then 250 µL of 100% ethanol was added to the 
mixture and mixed by inverting the tube. After that, 700 µL of sample was added to an IVT 
cRNA Cleanup Spin Column followed by centrifugation at 8,000 x g for 15 sec with the flow-
through discarded and a new 2 mL collection tube used. Then 500 µL of IVT cRNA Wash 
Buffer was added to each spin column and centrifuged as before. Following this, 500 µL of 80% 
ethanol was added to the spin column and centrifuged as before. Then the spin column was dried 
by centrifuging at maximum speed for 5 min. The column was then transferred to a new 1.5 mL 
tube and the labeled cDNA eluted using 11 µL of nuclease-free H2O and centrifugation at 
maximum speed for 1 min. This was followed by an additional 10 µL of nuclease-free H2O being 
added and centrifuged as before. An aliquot was diluted 1:100 with nuclease-free H2O and 
quantified. The cDNA was fragmented using 20 µg labeled cDNA, 8 µL of 5x fragmentation 
buffer, and nuclease-free H2O to 40 µL total reaction volume. The sample was then incubated at 
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94°C for 35 min and stored on ice. An aliquot was verified on a bioanalyzer for quality and then 
the samples were hybridized onto the Gene Chip
TM
 using the following mixture: 15 µg labeled 
cDNA; 5 µL 3 nM control oligonucleotide; 15 µL 20x Eukaryotic Hybridization Controls (bioB, 
bioC, bioD, cre); 150 µL hybridization mix; 30 µL DMSO; and nuclease-free H2O to a final 
volume of 300 µL. The hybridization cocktail was then heated to 99°C for 5 min while the Gene 
Chip
TM
 was wetted with 200 µL pre-hybridization mix and incubated for 10 min at 45°C in a 
hybridization oven; after 5 min at 99°C, the hybridization cocktail was transferred to a heat block 
at 45°C for 5 min. The hybridization cocktail was then centrifuged at maximum speed for 5 min 
to collect insoluble materials and the Gene Chip
TM
 was removed from the hybridization oven and 
the Pre-Hybridization mix was removed by pipetting. After this, 200 µL of the hybridization 
cocktail was added to the Gene Chip
TM
 and incubated in the hybridization oven for 16 h rotating 
at 60 rpm at 45°C. After this the hybridized Gene Chip
TM 
was washed and stained for analysis. 
Briefly, in the Fluidics Station, the appropriate probe array type was selected and appropriate 
wash buffers and stains added followed by the wash and stain program being run. Then the Gene 
Chip
TM 




 data analysis 
 To calculate the expression values for each gene, a robust multi-array average (Irizarry et 
al., 2003) was used to convert the PM probe values into an expression value for each gene and 
then transformed into log2 expression data (2
x
 where x is the expression value) by the University 
of Michigan Genomic Services staff yielding a Microsoft Excel file with the log-transformed 
expression values.  
52 
 
 To verify the quality of the data produced, the raw array data (.cel files) were analyzed in 
JMP Genomics
®
 v6.0 (SAS, Cary, NC) to view the distribution and clustering of the data. The 
log transformed expression values were then input into Multiple Experiment Viewer (MeV; 
Saeed et al., 2003) using a fold filter value of 1.5. Data were subjected to a two-way analysis of 
variance (ANOVA) for cultivar (Clark and Manokin) and treatment (H2O, 100 mM NaCl) using 
a p-value cutoff of 0.01 based on the F-distribution and the hierarchal order clustered using 
Pearson Correlation. Additionally, a Student’s t-test was used for a pair-wise analysis for each 
treatment within each of the two cultivars. Heat maps for the differentially expressed genes were 
generated in MeV. The significance of the two-way ANOVA for the significant interaction genes 
were verified using JMP
®
 v11.0 (SAS, Cary, NC) as a full factorial by each gene with the slices 
tested for significance. The gene ontologies (GO terms; Ashburner et al., 2000) were determined 
for each interaction studied using the GO enrichment tool on the SoyBase website 
(http://soybase.org/goslimgraphic_v2/dashboard.php). The salt responsive genes shared among 






 To verify the accuracy of the array results, gene expression was estimated by RT-PCR 
using independently derived biological samples. Two independent experiments using the same 
experimental design as before were performed with the following exceptions: five pots per 
cultivar per treatment with one plant per pot were used in a completely randomized factorial 
design; both leaf and root tissue was collected for RNA extraction; and one complete experiment 
was extracted with RNeasy
®
 as before and one using Tri-Reagent
®
 (Molecular Research Center, 
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Inc., Cincinnati, OH). Briefly, 100 mg of tissue was ground to a fine powder in liquid nitrogen 
and added to a 2 mL microcentrifuge tube containing 1 mL Tri-Reagent. After this, 100 µL of 
BCP (2-bromo-chloro-propane) was added to each tube and incubated at room temperature for 
10 min with 5 sec of vortexing every 2 min. The samples were then centrifuged at 12,000 x g for 
15 min at 4°C. After centrifugation, 400 µL of the aqueous phase was pipetted into a 1.5 mL 
microcentrifuge tube and 250 µL 100% isopropanol and 250 µL high salt solution (1.2 M NaCl, 
0.8 M Sodium citrate) added and mixed by inverting 10 times followed by incubation at room 
temperature for 7 min. Following the incubation, the samples were centrifuged at 12,000 x g for 
8 min at 4°C. The supernatant was then decanted and the pellet washed with 750 µL of ice-cold 
70% ethanol and centrifuged for 5 min at 12,000 x g at 4°C. The supernatant was decanted and 
the pellet allowed to air dry for 10 min. Following this, 75 µL of DNase- and RNase-free H2O 
was added to each tube and incubated on ice for 10 min. The samples were incubated at 65°C for 
5 min and the pellet disrupted by pipetting. After this, the samples were centrifuged at 12,000 x g 
for 5 min at 4°C and the RNA was quantified using a Bio-Spec Nano spectrophotometer 
(Shimadzu, Kyoto, Japan). Total RNA, 1000 ng, was used as template for reverse transcription 
with M-MuLV reverse transcriptase (NEB) in the following reaction: 7 µL RNA H2O mixture 
(to 1000 ng RNA); 2.5 µL 10X M-MuLV reverse transcriptase buffer (50 mM Tris-HCl, 75 mM 
KCl, 3 mM MgCl2, 10 mM DTT, pH 8.3 @ 25°C); 0.5 µL 20 µM oligo dT primer (Table 5.1); 1 
µL 10 mM dNTPS; 50 U M-MuLV reverse transcriptase (NEB; Ipswich, MA); 6 U RiboLock 
RNase inhibitor (Fermentas; Waltham, MA); and DNase- and RNase-free H2O to 25 µL. The 
reaction was incubated for 5 min at room temperature followed by 42°C for 1 h and 65°C for 15 
min. The resulting cDNA was diluted 1:5 with DNase- and RNase-free H2O and then subjected 
to PCR using the following reaction: 2.5 µL 10x Taq PCR reaction buffer (500 mM KCl, 100 
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mM Tris-HCl pH 9.0 @ 25°C, 15 mM MgCl2, 1% Triton X-100), 0.5 µL 20 mM forward primer 
(Table 5.1), 0.5 µL 20 mM reverse primer (Table 5.1); 0.5 µL 10 mM dNTPS; 5 U Taq 
polymerase (GenScript; Piscataway, NJ); and DNase free H2O to 25 µL. The PCR program used 
the following steps: 94°C for 2 min; 94°C for 30 sec, 55°C for 15 sec, 72°C for 30 sec repeated 
25 times; 72°C for 5 min; and a 4°C hold step. Amplicons were visualized using GelGreen
TM
 
(Biotuim; Hayward, CA) on a 2% agarose TAE gel and run at 80 volts for 30 min. Differentially 
regulated genes were selected from the array results and primers designed using Primer-BLAST 
(Ye et al., 2012) and ordered from Sigma-Aldrich (St. Louis, MO; Table 2.1). Primers for qPCR 
amplification were designed using IDT SciTools RealTime PCR design tool; qPCR assays using 
SYBRGreen
®
 technologies were developed (Table 2.1). For the qPCR the following reactions 
were set up: 10 µL 2x Power SYBR
®
 Green Master Mix (Applied Biosystems, Grand Island, 
NY); 1 µL 20 mM forward primer (Table 2.1); 1 µL 20 mM reverse primer (Table 2.1); 1 µL 
cDNA (from before); and 7 µL DNase- and RNase-free H2O. The reactions were run in a Step 
One Plus Real-Time PCR System (Applied Biosystems) with the following program: 95°C for 
10 min; then 95°C for 15 sec and 60°C for 1 min repeated for 40 cycles; followed by a melt 
curve. The qPCR consisted of three biological replicates and two technical replicates per target 
gene with ELF1β as the internal control (Le et al., 2012). The resulting data were analyzed using 
the ΔΔCt method (Livak and Schmittgen, 2001) with the following calculations: 
ΔCt = Cttarget gene-Ctcontrol gene 
ΔΔCt = Cttreated sample-Ctuntreated sample 





All data were analyzed in JMP
®
 as a full factorial using the Tukey-Kramer Honestly Significant 
Difference Test for significance between treatment/cultivar combinations. 
 
Results  
 After 12 days of treatment, cv. Clark developed typical salt damage symptoms whereas 
cv. Manokin remained healthy in appearance (Fig. 2.1) confirming the expected phenotypes for 
each. The RNA extracted using RNeasy
®
 was of high quality and sufficient for array analysis 
(Fig. 2.2) eliminating poor RNA quality as an explanation for differences in transcript abundance 





 Likewise, the Gene Chip
TM
 experiment yielded high quality results and the differences 
seen were not due to an error in preparing the samples. The probe densities across the various 
samples yielded distributions that closely matched each other (Fig. 2.3). The normalizing 
strategy used for this experiment made the assumption that probe intensities share the same 
distribution pattern with differences in location and signal scale. Because the probe density 
distribution for the samples was similar, this was a correct assumption to make and the proper 
normalization procedure to use. A principle component analysis was conducted to verify that the 
transcript differences corresponded to the cultivar and treatment (Fig. 2.4). In the H2O-treated 
soybeans, the cv. Manokin samples clustered together whereas only two of the cv. Clark samples 
clustered together with one cv. Clark sample outside the group. However, in the 100 mM NaCl-
treated soybeans the cv. Clark samples and the cv. Manokin samples clustered together. These 
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 data analysis 
 The resulting array data were analyzed using R (R-project.org) at the University of 
Michigan Genome Services Center. However, this method used a high threshold for selecting 
differentially expressed genes, and indicated very few transcripts that were regulated due to salt 
treatment, with only three transcripts being significantly (P <0.05) increased and nine transcripts 
decreased in cv. Clark, and two transcripts increased in cv. Manokin, in response to salt 
treatment. As this number of salt responsive genes was unexpectedly low based on previously 
published data on salt-induced genes in soybean, additional analyses were undertaken to 
determine the transcript abundance in cvs. Clark and Manokin in response to salt stress. These 
additional analysis methods yielded identification of far more genes that were differentially 
regulated in response to salt stress (P<0.05).  
 
Gene Expression in Response to Salt 
 An analysis using a Student’s t-test identified the transcript levels in cv. Clark that were 
differentially regulated in response to salt stress from 100 mM NaCl. In cv. Clark, the transcript 
levels for 104 genes were significantly altered by salt stress (Fig. 2.5). Of these, the transcript 
levels for 66 genes were increased by salt stress whereas the transcript levels for 38 genes were 
decreased (Supplemental Table 1). The GO terms for the increased transcripts represented a 
variety of biological processes, cellular locations and molecular functions (Fig. 2.6). The 
predicted biological processes for the proteins encoded for by the increased transcripts included 
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response to biotic stimuli, response to stress, carbohydrate metabolic process, and lipid metabolic 
process. The predicted cellular locations for proteins encoded by the increased transcripts are 
throughout the cell. These locations included the plasma membrane, the Golgi apparatus, the 
cytoplasm, the endoplasmic reticulum, the cell wall, the nucleus, the extracellular region, and the 
vacuole. The predicted molecular functions of the proteins encoded by the increased transcripts 
included protein binding, hydrolase activities, DNA binding, transcription factor activity, 
transporter activity, kinase activity and lipid binding. The predicted biological processes 
associated with predicted products of the decreased transcripts include response to stress, 
carbohydrate metabolic process, post-embryonic development, and cell growth. The predicted 
cellular locations for proteins encoded by the decreased transcripts include the plasma 
membrane, the cell wall, the nucleus, the mitochondrion, the vacuole, the endoplasmic reticulum, 
and the Golgi apparatus. The predicted molecular functions for the decreased transcripts include 
DNA binding, transcription factor activity, catalytic activity, transporter activity, kinase activity 
and binding.  
Comparisons of the transcript levels of H2O- and 100 mM NaCl-treated cv. Manokin 
soybeans using a Student’s t-test revealed 42 genes that had abundance changes in transcript 
levels in response to salt stress (Fig. 2.7); this included the transcript levels for 16 genes that 
were increased and the transcript levels for 26 genes that were decreased in response to salt stress 
(Supplemental table 2). Like the products of differentially expressed transcripts in cv. Clark, 
several different biological processes, cellular locations, and molecular functions were found 
using GO enrichment (Fig. 2.8). The predicted cellular locations for the products of induced 
genes included the cytoplasm, the nucleus, the mitochondrion, the endoplasmic reticulum, the 
plasma membrane, and the extracellular region. The predicted molecular functions encoded by 
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the increased transcripts included catalytic activity, DNA binding, transcription factor activity, 
oxygen binding, receptor activity, protein binding, and lipid binding. No GO data were available 
for the predicted biological processes for the proteins encoded by these increased transcripts. The 
predicted biological processes for the decreased transcripts included translation, biosynthetic 
process, carbohydrate metabolic process, and cell differentiation. The predicted cellular locations 
for the decreased transcripts included the plasma membrane, the Golgi apparatus, the cell wall, 
the nucleus, the nucleolus, the cytoplasm, and the plastid. The predicted molecular functions 
encoded for by the decreased transcripts included catalytic activity, RNA binding, transporter 
activity, phosphotransferase activity, and hydrolase activity.  
 
Two-factor ANOVA 
 Although a Student’s t-test is useful in determining the differences in a pair-wise 
comparison and answered which genes were salt responsive in each cultivar, this method does 
not analyze the entire results of the array experiment. A two-factor ANOVA allows for a 
comparison between the cultivars as well as the treatment type. A two-factor ANOVA also 
allows for the interaction between a cultivar and a treatment regimen to identify transcripts that 
are only raised or lowered in a single cultivar under a single treatment regimen. This two-factor 
ANOVA, using MeV, identified the transcripts for 330 genes (Supplemental table 3) that were 
different by cultivar independent of salt stress, the transcripts of 66 genes (Supplemental table 4) 
that were different by salt treatment independent of the cultivar, and the transcripts of 386 genes 
(Supplemental table 5) that were significantly altered by salt stress when analyzing the 
interaction of cultivar and salt treatment (Fig. 2.9). The statistical significance for these 
combinations was verified using JMP (P<0.05). Of the transcripts that were different by cultivar, 
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the transcript levels of 141 genes were higher in cv. Manokin and the transcript levels of 189 
genes were higher in cv. Clark. The GO terms revealed a variety of processes, locations and 
functions in the cultivar transcript levels (Fig. 2.10). The predicted biological processes 
represented in the proteins encoded for by the cultivar-specific transcripts that were higher in cv. 
Manokin included carbohydrate metabolic processes, transport, response to stress, cell cycle, 
translation, signal transduction, response to abiotic stimulus, response to biotic stimulus, 
multicellular organismal development, developmental process, cellular process, and flower 
development. The predicted cellular location for these protein products encoded for by the 
transcripts that were higher in cv. Manokin included the plasma membrane, the ribosome, the 
cytoplasm, the endoplasmic reticulum, the nucleus, the nucleolus, the cell wall, the plastid, the 
Golgi apparatus, and the vacuole. The predicted molecular function of the proteins encoded for 
by the transcripts that were higher in cv. Manokin included nuclease activity, RNA binding, 
DNA binding, transcription factor activity, nucleotide binding, catalytic activity, protein binding, 
lipid binding, binding, transporter activity, hydrolase activity, oxygen binding, signal transducer 
activity, and kinase activity. The predicted biological processes represented in the proteins 
encoded for by the transcripts that were higher in cv. Clark included post-embryonic 
development, response to biotic stimulus, multicellular organismal development, signal 
transduction, cell growth, transport and translation. The predicted cellular location for the 
proteins encoded for by the transcripts that were higher in cv. Clark included the plasma 
membrane, the cell wall, the nucleus, the nucleolus, the cytoplasm, the mitochondrion, the 
peroxisome, the lysosome, the plastid, the vacuole, and the endoplasmic reticulum. The predicted 
molecular functions for the proteins encoded for by the transcripts that were higher in cv. Clark 
included catalytic activity, nucleotide binding, RNA binding, DNA binding, transcription factor 
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activity, phosphotransferase activity, hydrolase activity, protein binding, kinase activity, oxygen 
binding, carbohydrate binding, and transporter activity.  
 Of the transcripts that were higher based on treatment type, the transcripts for 22 genes 
were higher in response to treatment with 100 mM NaCl and the transcripts for 44 genes were 
higher in H2O-treated soybeans for both cultivars. The predicted biological processes (Fig. 2.11) 
represented by the proteins encoded for in the transcripts that were higher in response to salt 
stress included carbohydrate metabolic process, translation, post-embryonic development, and 
cell growth. The predicted cellular locations for the proteins encoded by the transcripts increased 
by salt stress included the membranes, the plastid, the cell wall, the nucleus, the Golgi apparatus, 
and the cytosol. The predicted molecular function for the proteins encoded for by the transcripts 
increased by salt stress include catalytic activity, DNA binding, transcription factor activity, and 
transporter activity. The predicted biological processes represented by the proteins encoded for 
by the transcripts decreased by salt stress include signal transduction and transport. The predicted 
cellular locations for the proteins encoded for by the transcripts decreased by salt stress included 
the cell wall, the plasma membrane the nucleus, the nucleolus, the mitochondrion, the 
endoplasmic reticulum, and the Golgi apparatus. The predicted molecular functions for the 
proteins encoded for by the transcripts reduced by salt stress include DNA binding, transcription 
factor activity, hydrolase activity, catalytic activity, lipid binding, kinase activity, oxygen 
binding, protein binding, and transporter activity.  
 The GO terms enriched from the interaction of cultivar by salt treatment represented a 
wide range of processes, locations and functions (Fig. 2.12). The predicted biological processes 
included flower development, post-embryonic development, response to biotic stimulus, 
biosynthetic process, embryo development, cell growth, cellular metabolic process, lipid 
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metabolic process, transport, nucleic acid synthesis, carbohydrate metabolic process, cell death, 
multicellular organismal development, signal transduction, response to stress, and cell cycle. The 
predicted cellular locations included the mitochondrion, the cytoplasm, the nucleolus, the 
nucleus, the plasma membrane, the cell wall, the vacuole, the plastid, the peroxisome, and the 
endoplasmic reticulum. The predicted molecular functions for the proteins encoded for by the 
transcripts included nucleotide binding, nuclease activity, catalytic activity, DNA binding, 
transcription factor activity, RNA binding, protein binding, transporter activity, lipid binding, 
oxygen binding, receptor activity, carbohydrate binding, kinase activity, transferase activity, and 
hydrolase activity. 
 In response to salt stress cvs. Clark and Manokin had seven genes (Fig. 2.13a) that 
responded similarly, three of which were increased and four that were decreased (Table 2.2). 
One gene, predicted to encode a fatty acid hydroxylase, was shared with the cultivar by treatment 
significant genes from a two-factor ANOVA and from the pair-wise comparison from cvs. Clark 
and Manokin that were salt responsive (Fig. 2.13b) and it was increased in both cultivars by salt 
stress (Table 2.3).  
 
Validation of Gene Chip
TM
 Data via RT-PCR  
 To validate the results of the array experiment, semi-quantitative RT-PCR (RT-PCR) and 
quantitative RT-PCR (RT-qPCR) were employed to measure the abundance of select transcripts 
from the aforementioned results. Genes were selected for further analysis based on fold changes 
and biological relevance. In addition to measuring the transcript levels in the leaves, the levels of 
these transcripts were measured in the roots. The relative transcript levels of a calcium EF hand 
gene (CaEF; Fig. 2.14) matched those as determined by the array, being increased in cv. Clark 
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leaves and lowered in cv. Manokin leaves by salt stress. In the roots, the CaEF transcript levels 
were reversed with cv. Manokin roots having higher levels and cv. Clark having decreased levels 
in response to salt stress. A gene encoding a predicted BURP domain (BURP) was suppressed 
after salt treatment in both cultivars and tissues. However, according the array data, this BURP 
transcript was increased in cv. Clark under salt stress. According to RT-PCR data, a birch pollen 
allergen-like gene (PA like) had increased transcript levels in the leaves and decreased levels in 
the roots for both cultivars in response to salt stress matching the array. An auxin-responsive 
gene (Auxin) had decreased transcript levels in cv. Clark leaves but increased transcripts in the 
roots and in cv. Manokin leaves and roots in response to salt stress which matches the array data 
well. Additional genes were tested and verified the array data (data not shown). 
 Another method of quantification, RT-qPCR, was utilized to obtain a more precise 
measure of transcript accumulation (Supplemental table 2.6). In addition to genes tested on the 
array, several other genes that have previously been reported to be salt responsive were 
measured. Like with the RT-PCR, most genes tested had transcript levels that agreed with the 
array data. The transcript for a non-yellowing 1 gene (NY1) was reduced in cv. Manokin in 
response to salt stress; the RT-qPCR results agreed well with the array results (Table 2.4). In the 
roots both cultivars had a decrease in the NY1 transcript, compared to H2O-treated roots, though 
the cv. Manokin retained higher transcript abundance than cv. Clark. The transcript levels for a 
pathogenesis-related 1 gene (PR1) were increased in cv. Manokin leaves but were not 
significantly altered in cv. Clark in response to salt stress. These results were verified with PR1 
transcript levels being increased in cv. Manokin leaves and cv. Clark did not have significant 
changes. In the roots, PR1 transcript levels were decreased in both cultivars, though the decrease 
was much larger in cv. Clark than cv. Manokin. The transcript levels for a WRKY transcription 
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factor (WRKY70) were decreased in cv. Clark with no change in cv. Manokin in response to salt 
stress according the array results. This was confirmed with the RT-qPCR for the WRKY70 
transcript levels in the leaves for both cultivars. In the roots, WRKY70 transcript levels were 
decreased in both cultivars though the decrease was greater in cv. Clark. A low temperature, salt 
responsive gene (LTSR) had higher transcript levels in cv. Clark than in Manokin which was 
verified for the leaves for both cultivars using RT-qPCR. The same pattern, with the LTSR 
transcript being higher in cv. Clark than cv. Manokin, was observed in the roots though the 
reduction in transcript abundance was greater in cv. Manokin. 
 Although most RT-qPCR data agreed with the array data, some discrepancies were 
found. A basic helix-loop-helix transcription factor (bHLH) gene was found in the array to have 
decreased transcript levels in cv. Manokin leaves in response to salt stress, and no significant 
change in cv. Clark. However, with the RT-qPCR the transcript levels were measured as 
decreasing in cv. Clark leaves and roots and cv. Manokin roots whereas the transcript levels were 
not statistically different in cv. Manokin leaves. Likewise, an iron vacuolar transport gene 
(FeVT) was observed in the array to be decreased on in cv. Manokin leaves in response to salt 
stress. In cv. Manokin leaves the FeVT transcript were increased but highly decreased in the 
roots compared to the levels in both the H2O-treated leaves and roots; in cv. Clark the FeVT 
transcript was decreased in both the leaves and the roots. The mechano-sensitive ion channel 
(IC) transcript levels showed no significant increase in either cv. Clark or cv. Manokin leaves 
according to RT-qPCR.  However, the differences in IC transcript levels in the roots were 
significant with a large decrease in IC transcript levels in cv. Clark and a dramatic increase in IC 
transcript levels in cv. Manokin (ca. 16-fold increase) in response to salt stress. 
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 The transcript measurements of two other genes also had discrepancies with the array 
data, though only with the cultivar that had no transcript changes according to the array data. The 
transcripts for a Cyclops gene (Cyclops) were increased in cv. Manokin leaves and no significant 
changes were observed in cv. Clark in response to salt stress according to the array data. In cv. 
Manokin leaves, the RT-qPCR revealed that the Cyclops transcript was increased in response to 
salt stress; however, the Cyclops transcript levels were also increased in cv. Clark leaves. In the 
roots, the Cyclops transcript was slightly increased in cv. Clark, though they were decreased in 
comparison to the levels in H2O-treated roots, and decreased in cv. Manokin. The other 
discrepancy was in the transcript abundance for a major facilitator gene encoding for ion 
transport protein (MFac2), which did not have significant changes in response to salt stress 
according to the array. In cv. Clark, the RT-qPCR results agreed with the array results with the 
MFac2 transcript levels decreasing in response to salt stress, though the decrease was not 
statistically significant compared to the H2O treated control; however, the MFac2 transcript 
levels were increased by salt stress in cv. Manokin leaves. In roots the MFac2 transcript levels 
were decreased by salt stress in both cultivars compared to the transcript levels in H2O-treated 
roots. 
 In addition to genes that were predicted to be differentially expressed by the Gene Chip
TM
 
array data, transcripts for several other genes previously reported to be salt responsive were 
measured. A glutathione S-transferase (GST1) was reported to have increased transcript levels in 
an unidentified chloride excluder cultivar (Chan and Lam, 2014) and was suggested as a source 
for salt tolerance in soybean. In the cultivars studied here, the transcript levels of GST1 were 
decreased in the leaves of both cultivars in response to salt. In the roots, GST1 transcripts were 
decreased in cv. Clark and increased in cv. Manokin compared to the transcript levels in the 
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H2O-treated roots for the respective cultivar. Previously the transcript levels of the soybean 
components of RNA silencing (RNAi) were reported to be responsive to various abiotic stresses 
including salt stress (Curtin et al., 2012). Of these, the transcript levels for argonaute 1a and 1b 
(Ago1a and Ago1b) were found to be salt responsive in the cultivars tested. The transcript levels 
of Ago1a were increased in cv. Clark leaves but decreased in the roots in response to salt stress 
with no change observed in cv. Manokin leaves or roots. The transcript levels of Ago1b were 
decreased in both cultivars in the leaves whereas the transcript abundance decrease in the roots 
was not significant in response to salt stress. No significant changes were observed among the 
array results for the Ago1a or Ago1b probes present on the gene chip. 
  
Discussion 
 Although soybean chloride-excluders and -includers have previously been shown to react 
differently to salt stress (Kao et al., 2006; Lee et al., 2004; Lu et al., 2009; Valencia et al., 2008) 
little is known about how they differ in transcriptional responses to salt stress. The cultivars, 
Clark and Manokin, had different transcriptional responses under salt stress with 104 genes being 
salt responsive in cv. Clark and 66 genes being salt responsive in cv. Manokin. Only seven genes 
shared the same response to salt stress in both cultivars with the transcript abundance of three 
genes being increased and four genes had decreased transcript abundance (Table 2.2). Ideally, a 
set of near-isogenic lines (NIL) that only differ in the S-100 salt tolerance QTL would be used 
for this experiment if the goal was to identify differences based on this QTL. In the absence of 
such NILs, cv. Manokin was selected in an attempt to minimize the differences between the 
cultivars, partially because cv. Clark is in its background and cv. Manokin is stable for the salt 
tolerance trait (Kenworthy et al., 1996). The choice in cultivars was also based on similar 
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susceptibility to Soybean mosaic virus and the soybean aphid, Aphis glycines Matsumura, for 
further experimentation (Chapters 4 and 5). 
 The transcriptional differences seen represent a wide range of biological processes, 
cellular locations and molecular functions. Many of the same cellular locations and molecular 
functions were shared among the transcripts for cv. Clark and Manokin under salt stress. In 
particular, both cultivars had many transcription factors that were differentially regulated in 
response to salt stress. This fits well with previously published data from Williams 82 showing a 
large number of transcription factors that are salt responsive (Song et al., 2012). Beside this, cv. 
Manokin also shows an increase in transcripts associated with oxygen and lipid binding, 
functions associated with reactive oxygen species (ROS) scavenging, whereas cv. Clark has no 
such increase. One of the transcripts that were increased in response to salt stress (HSP20; 
Glyma20g01930) has been shown to be induced by H2O2 stress in Arabidopsis (Volkov et al., 
2006). In maize, Zea mays L., small heat shock proteins like HSP20 have been shown to protect 
the mitochondria from NaCl stress by protecting NADH: ubiquinone oxidoreductase activity 
(Hamilton and Heckathorn, 2001). Small heat shock proteins prevent protein aggregation and 
stabilize non-native proteins (Wang et al., 2004). This supports previous findings that chloride 
excluders are more active at ROS scavenging than chloride includers (Chan and Lam, 2014; 
Umezawa et al., 2002) and could partially account for some of the differences in salt response. 
 The results for the array experiment were verified using both RT-PCR and RT-qPCR. 
The apparent transcript levels measured by RT-PCR and RT-qPCR were largely in agreement 
with the array results. The observed discrepancies may be partially explained by the 
experimental design. To show that the differences observed represented actual differences and 
not an experimental artifact, the array results were validated using two independent sets of 
67 
 
plants. It is possible that some transcripts could vary from plant to plant and slight environmental 
changes could impact some transcript levels. A more likely explanation could be due to the 
duplication of genes within the genome (Schmutz et al., 2010). Because limited available 
sequence data exists for the cultivars tested, it is not known if more than one copy was 
hybridized in the array or detected via PCR. Care was given in designing the primers that they 
only matched the target gene; however, primers were based on the cv. Williams 82 genome and 
it is possible that sequence variations in the cultivars used here lead to amplification, or lack 
thereof, of other target sequences.  
 As previously mentioned, the transcripts measured by RT-PCR and RT-qPCR were 
selected based not only on the abundance changes in response to salt stress but also the predicted 
biological significance of the genes. The auxin-responsive gene (Auxin) was selected because the 
phytohormone auxin has been reported to be involved in salt stress response in Arabidopsis (He 
et al., 2005) and orthologs to Auxin are required for auxin-mediated responses in Arabidopsis 
(Okushima et al., 2005). The bHLH transcript was chosen for verification because it is part of the 
basic helix-loop-helix family of transcription factors which have previously been shown to be 
involved in conferring salt tolerance in Arabidopsis (Zhou et al., 2009). Likewise BURP domain 
proteins have been shown to be salt responsive (Ding et al., 2009; Yamaguch-Shinozaki and 
Shinozaki, 1993) and can be localized to the vacuoles (Son et al., 2009). Orthologs to the 
Cyclops gene have been shown to be involved in nodulation and mediating the interaction with 
symbiotic arbuscular mycorrhizal fungi (Yano et al., 2008). As interactions with beneficial 
microorganism can help alleviate salt stress in several plant species (Dodd and Perez-Alfocea, 
2012; Evelin et al., 2009) changes in transcript levels for Cyclops could influence those 
interactions in soybean. In this study, the transcript levels of Cyclops were reduced in cv. 
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Manokin roots in response to salt stress; however, further work is required to determine if this 
reduction impacts rhizobia colonization and nodule formation. Calcium EF hand proteins have 
previously been established as playing a major role in plant response to salt stress (Liu and Zhu, 
1998) so measuring the CaEF transcript levels was logical.  
 Because of the role of non-selective ion channels in response to salt stress (Demidchik 
and Maathius, 2007) the transcript levels of a mechano-sensitive ion channel (IC) were 
measured. The transcript levels in leaves measured by the RT-qPCR were not as high as those 
measured by the array and were not significantly different between H2O- and NaCl-treatments; 
however, in the cv. Manokin roots a dramatic increase in the abundance of IC was observed in 
response to salt stress whereas in cv. Clark roots the transcript levels were decreased. These data 
show promise for helping to explain the differences in ion accumulation between the chloride 
excluder and includer. In the halophilic archaeon Haloferax volcanii, orthologs to the IC gene 
have been shown to be non-selective for the ions transported and is thought to play a vital role in 
the osomoregulation of halopilic archea (Dain et al., 1998) as has been shown in bacteria (Berrier 
et al., 1992).  
 A major facilitator transcript (MFac2) was shown to be reduced in response to salt stress 
in the array results and this was confirmed with RT-qPCR with the caveat mentioned above. The 
MFac2 transcript was selected for further measurement as the gene family it belongs to has been 
shown to be directly involved in ion transport in all three kingdoms (Pao et al., 1998). Several 
other major facilitator transcripts were salt responsive in both cultivars, though only the data for 
one was presented here (Supplemental table 2.1). An interesting transcript difference observed 
was that of the non-yellowing 1 gene (NY1); orthologs of NY1 are referred to as Staygreen (Sgr) 
in Arabidopsis (Park et al., 2007). The Sgr protein regulates degradation of chlorophyll and 
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knocking this gene out with RNA silencing results in plants that do not yellow. Since chlorosis is 
a common symptom of salt injury in soybeans (Valenica et al., 2008), the reduction of the NY1 
transcript in cv. Manokin in response to salt stress was intriguing. The NY1 transcript levels 
measured by array match well with those measured by RT-qPCR suggesting that this gene may 
be involved in the differences seen between chloride excluders and chloride includers under salt 
stress. Because of these data, the chlorophyll levels of cvs. Clark and Manokin were measured 
under salt stress (Chapter 3) and further characterization of this gene is warranted. 
 In addition to select salt responsive transcripts, as revealed by the array results, several 
other transcripts that have previously been reported to be salt responsive were measured. Curtin 
et al. (2012) measured the response of components of the soybean RNAi machinery to various 
abiotic stresses. As further experimentation included work with SMV, two argonaute-encoding 
transcripts (Ago1a and Ago1b) were selected for further measurement. According to the array 
results Ago1a and Ago1b were not salt responsive, and did not differ by cultivar though Ago1a 
had higher expression levels than Ago1b. However, the RT-qPCR showed that Ago1a transcript 
levels in cv. Clark increased in response to salt stress whereas cv. Manokin had no such 
response. The transcript levels of Ago1b decreased in both cultivars in response to salt stress. It is 
possible that genetic variation between the published genome, cv. Williams 82, and the cultivars 
tested, Clark and Manokin, could account for the discrepancy between the measurement methods 
as either the array or the RT-qPCR could be measuring only one transcriptional variant whereas 
the other method is measuring multiple variants. Another possible explanation is that expression 
was higher in cv. Clark because induction of Ago1a could be dependent on ion concentration in 
the leaf cells and as cv. Manokin is able to partially exclude ions from the leaves, induction 
might not occur.  
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 As a recent study showed the importance of a gene involved in ROS scavenging (Chan 
and Lam, 2014), the transcript levels of GST1 were measured using RT-qPCR. As with Ago1a 
and Ago1b, the array results showed no change in the transcript levels of GST1 in response to 
salt. However, in the RT-qPCR, transcript levels of GST1 were greatly reduced in response to 
salt stress in the leaves of both cultivars. This suggests that GST1 is not involved in the foliar 
response of either cultivar to salt stress. The roots tell a different story; GST1 transcript levels are 
increased in both cultivars in response to salt stress though the increase is higher in cv. Clark 
than cv. Manokin. This phenomenon of tissue-specific GST expression in response to salt stress 
has been previously reported in both rice, Oryza sativa L. (Kumar et al., 2013) and in tomato, 
Solanum lycopersicum L. (Csiszar et al., 2014). In rice, OsGSTL1 was down-regulated in foliar 
tissue in response to salt stress while OsGSTL2 and OsGSTL3 were not salt responsive. In 
tomato, SlGSTL3 was greatly induced in the root tissue but not the leaves. It is possible that the 
GmGST1 in cvs. Clark and Manokin is active in the roots but not the leaves in response to salt 
stress. Additionally, greater differences in transcript levels were observed in the roots for several 
of the genes tested including IC, NY1, and PR1 than were observed in the leaves. These data 
show the danger in concentrating on only one tissue to explain plant response to an abiotic stress. 
If only the foliar or the root expression data were used to try and explain the observed 
differences, then the explanation may be missing key components. A plethora of previous work 
shows that salt stress begins impacting the roots first and then foliar tissue is affected as ions are 
translocated (Munns, 2002) though leaves end up bearing the brunt of the salt damage.  
 In summation, both the salt-sensitive chloride-includer, cv. Clark, and the salt-tolerant 
chloride-excluder, cv. Manokin, showed different transcriptional responses to salt stress, though 
seven genes were similarly salt responsive in both cultivars. Several genes have been identified 
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for further characterization to help understand these differences, including IC and NY1. The most 
important aspect of these data is that when studying the response of salt-sensitive and salt-
tolerant plants, the whole plant should be considered as the transcript levels differed in leaf and 
root tissue for both cultivars. To help explain these differences, further studies on the role of 
soybean roots in salt tolerance are needed with an emphasis on the transcriptional response of 
roots to salt stress in chloride-excluders and -includers. 
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Table 2.1: Primers used for RT-PCR and RT-qPCR to verify Gene Chip
TM
 analysis of soybean, Glycine max (L.) Merr., 
cultivars Clark and Manokin treated with either H2O or 100 mM NaCl. 





dT Short GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTTT N/A N/A 
AuxinFor AGTTCCAAAGGGCTATCTGGC Glyma09g35370 Auxin-inducible 
protein 
AuxinRev TTGTCCATTGAAGCGGGAAG Glyma09g35370 Auxin-inducible 
protein 
BurpFor CAGGGGACAAGGCTGTT Glyma04g35130 BURP domain 
protein 
BurpRev ACGAGCAAATACATGCATC Glyma04g35130 BURP domain 
protein 
EFhandFor CTTGGATAGGGCCATTGGGG Glyma11g06030 EFhand (Ca-binding) 
protein 




Elongation factor 1β 
ELF1bRev ATCTTACCCCTTGAGCGTGC Glymax02g4446
0 
Elongation factor 1β 
ICFor CCTGATCTTAGGGCATCTGCT Glyma10g43050   Mechano-sensitive 
ion channel 
ICRev GGGTAGAAAGAGCCCCATGC Glyma10g43050   Mechano-sensitive 
ion channel 
PA-likeFor GATCTGGCTGTGGAGCATGT Glyma01g41330 Birch pollen allergen-
like 
PA-likeRev AGCGTCAAACACAGTCCCAA Glyma01g41330 Birch pollen allergen-
like 
Ago1aqPCRFor CATTTCTTTGCCGAGTTGCC Glyma09g29720 Ago1a 






Table 2.1 continued: Primers used for RT-PCR and RT-qPCR to verify Gene Chip
TM
 analysis of soybean, Glycine max (L.) 
Merr., cultivars Clark and Manokin treated with either H2O or 100 mM NaCl. 
Primer Name Primer Sequence Glyma Accession
a
 Gene Prediction 
Ago1bqPCRFor CAAGATAGTGGAGGGTCAAAGG Glyma16g34300 Ago1b 
Ago1bqPCRRev ATAAGGATCTTCGTGGTATGCG Glyma16g34300 Ago1b 
bHLHqPCRFor CTTTTCTCTGCTTGGCTGTG Glyma02g42570 basic helix-loop-helix 
(bHLH) DNA-binding 
superfamily protein 
bHLHqPCRRev TTTGGTGAGTTCCCTTCGTG Glyma02g42570 basic helix-loop-helix 
(bHLH) DNA-binding 
superfamily protein 
CyclopsqPCRFor AAAAGCGTAGAGTGGAGCG Glyma01g35250 CYCLOPS 
CyclopsqPCRRev AGCTTGCATATCAGAGGGAAC Glyma01g35250 CYCLOPS 
ELF1BqPCRFor GTGGTACGATGCTGTCTCTTC Glymax02g44460 Elongation factor 1β 
ELF1BqPCRRev CCACTGAATCTTACCCCTTGAG Glymax02g44460 Elongation factor 1β 
FeVTqPCRFor AGAAGGATAAGTTGCCGAACC Glyma08g19390 Fe Vaculor transport 
FeVTqPCRRev CACCCCTAACCTTGCCTTATAG Glyma08g19390 Fe Vaculor transport 
GST1qPCRFor GCCCTCCTGCTTTAACTTCC Glyma03g33340 Glutathione S-transferase 
family protein 
GST1qPCRRev TGCTATTGTGCTCCAACGAA Glyma03g33340 Glutathione S-transferase 
family protein 
ICqPCRFor TGGGAGAAAGGTTTGTGAGG Glyma10g43050  Mechano-sensitive ion 
channel 
ICqPCRRev GAAGCCGATCAGAAGTGGTAG Glyma10g43050  Mechano-sensitive ion 
channel 
LTSTqPCRFor GCCGACACGTTGTGAAATATG Glyma02g36640 Low temperature and salt 
responsive gene 








Table 2.1 continued: Primers used for RT-PCR and RT-qPCR to verify Gene Chip
TM
 analysis of soybean, Glycine max (L.) 
Merr., cultivars Clark and Manokin treated with either H2O or 100 mM NaCl. 
Primer Name Primer Sequence Glyma Accession
a
 Gene Prediction 
    
MFac2qPCRFor CTCTCCATTTCCCAATTTCAGC Glyma14g38120 Major facilitator protein 
(ion transport) 
MFac2qPCRRev ACCATAGCCAATTAGTCCAAGAG Glyma14g38120 Major facilitator protein 
(ion transport) 
NY1qPCRFor CTAGGACTTACACTCTAACCCATTG Glyma17g14210 Non-yellowing 1 
NY1qPCRRev CAATGTGCAACCACTTCGTC Glyma17g14210 Non-yellowing 1 
PR1qPCRFor AGAACACCCCTCAAGACTTTC Glyma15g06770 PR1-like 
PR1qPCRRev TGGCATACCTTTGAGCGTAG Glyma15g06770 PR1-like 
WRKY70qPCRFor AGTATGATCAAGGTTGCCGAG Glyma14g36430 WRKY transcription 
factor 







Table 2.2: Genes that were differentially regulated in soybean, Glycine max (L). Merr., cultivars 





Gene description Gene Chip
TM 
result 
Glyma07g12780 Fatty acid hydroxylase superfamily  Up in Clark and Manokin 
Glyma20g01930 17.6 kDa class II heat shock protein  Up in Clark and Manokin 
Glyma16g32540 Agamous-like 6  Up in Clark and Manokin 
Glyma12g23900 Endomembrane protein 70 protein family  Down in Clark and Manokin 
Glyma11g36730 xyloglucan endotransglucosylase/hydrolase 
16  
Down in Clark and Manokin 
Glyma12g34200 Gibberellin 2-oxidase 8  Down in Clark and Manokin 
Glyma11g35890 Major facilitator superfamily protein  Down in Clark and Manokin 
a: Accession number for soybean genome sequence (Glyma) 
 
 
Table 2.3: Genes that were differentially regulated in soybean, Glycine max (L). Merr., cultivars 
Clark and Manokin treated with either H2O or 100 mM NaCl and shared with significant genes 
from the cultivar by treatment interaction using a two-factor ANOVA. 
Glyma Accession
a
 Gene description Gene Chip
TM
 result 
Glyma07g12780 Fatty acid hydroxylase superfamily  Up in Clark and Manokin 




Table 2.4: Relative expression RT-qPCR values, calculated by ΔΔCT method normalized to Elongation factor 1β and 
compared to the ΔCT of the H2O treated samples for the respective cultivar, to validate a Gene Chip
TM
 analysis of soybean, 



























1.00cd 2.77a 1.77b 0.57d 1.00cd 1.59b 1.33b 1.02cd 
AGO1b Glyma16g
34300 
1.00a 0.47b 0.75ab 0.33b 1.00a 0.34b 0.78ab 0.74ab 
bHLH Glyma02g
42570 
1.00cd 0.48d 2.88b 0.41d 1.00cd 1.42c 6.46a 0.70d 
Cyclops Glyma01g
35250 
1.00de 3.72a 2.42b 1.28cde 1.00de 1.89bc 1.41cd 0.61e 
FeVT Glyma08g
19390 
1.00c 0.41d 0.98c 0.16d 1.00c 1.51b 4.15a 0.06d 
GST1 Glyma03g
33340 
1.00c 0.01d 0.27d 2.17a 1.00c 0.13d 0.01d 1.58b 
IC Glyma10g
43050  
1.00bc 1.26b 0.97c 0.33d 1.00bc 0.97c 0.04e 15.99a 
LTSR Glyma02g
36640 
1.00b 0.21c 0.93b 0.31c 1.00b 0.03c 7.84a 0.01c 
MFac2 Glyma14g
38120 
1.00d 0.71de 6.29a 0.42e 1.00d 2.51b 1.62c 0.98d 
NY1 Glyma17g
14210 
1.00d 1.09d 9.36b 5.18c 1.00d 0.33e 11.53a 9.04b 
PR1 Glyma15g
06770 
1.00c 1.31bc 1.85a 0.19e 1.00c 1.52ab 0.40de 0.87cd 
WRKY70 Glyma14g
36430 
1.00c 0.06d 15.33a 0.10d 1.00c 0.95c 2.57b 0.45cd 
1: Accession number for soybean genome sequence (Glyma) 






Figure 2.1: Salt damage in soybean, Glycine max (L.) Merr., cultivars Clark, salt-sensitive, and 





Figure 2.2: Virtual gel generated by Experion capillary electrophoresis unit. Lanes are as 
follows: Ladder (L); Clark H2O treated samples (1-3); Clark 100 mM NaCl treated samples (4-






Figure 2.3: Kernel density estimates for microarray analysis for the transcriptome of soybean, Glycine max (L.) Merr., 
cultivars Clark and Manokin treated with either H2O or 100 mM NaCl for 6 days. Note that the distributions are similar 











Figure 2.4: Principle component analysis for soybean, Glycine max (L.) Merr., transcripts, 
analyzed using Gene Chip
TM
 hybridization, for cultivars Clark and Manokin treated with H2O or 






Figure 2.5: Heat map of differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivar Clark treated with H2O or 100 mM NaCl for 6 days. Yellow indicates expression that is 








Figure 2.6: GO terms for differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivar Clark treated with either H2O or 100 mM NaCl for 6 days. A) Biological process up-
regulated in response to salt stress; B) Cellular component up-regulated in response to salt stress; 
C) Molecular function up-regulated in response to salt stress; D) Biological process down-
regulated in response to salt stress; E) Cellular component down-regulated in response to salt 





Figure 2.7: Heat map of differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivar Manokin treated with H2O or 100 mM NaCl for 6 days. Yellow indicates expression that 





Figure 2.8: GO terms for differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivar Manokin treated with either H2O or 100 mM NaCl for 6 days. A) Cellular component 
up-regulated in response to salt stress; B) Molecular function up-regulated in response to salt 
stress; C) Biological process down-regulated in response to salt stress; D) Cellular component 






Figure 2.9: Heat map of differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivars Clark and Manokin treated with H2O or 100 mM NaCl for 6 days that were genes 
differentially regulated as seen by the interaction of cultivar and treatment from a two-factor 
ANOVA. Yellow indicates expression that is higher in cv. Manokin and blue indicates 




Figure 2.10: GO terms for differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivars Clark and Manokin treated with H2O for 6 days that were significant in a two-factor 
ANOVA for cultivar and treatment. A) Biological process up-regulated in cv. Manokin; B) 
Cellular component up-regulated in cv. Manokin; C) Molecular function up-regulated in cv. 
Manokin; D) Biological process down-regulated in cv. Manokin; E) Cellular component down-




Figure 2.11: GO terms for differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivars Clark and Manokin treated with 100 mM NaCl for 6 days that were significant in a two-
factor ANOVA for cultivar and treatment. A) Biological process up-regulated in cv. Manokin; 
B) Cellular component up-regulated in cv. Manokin; C) Molecular function up-regulated in cv. 
Manokin; D) Biological process down-regulated in cv. Manokin; E) Cellular component down-





Figure 2.12: GO terms for differentially regulated genes in soybean, Glycine max (L.) Merr., 
cultivars Clark and Manokin treated with H2O or 100 mM NaCl for 6 days from a two-factor 
ANOVA for the interaction of cultivar and treatment. A) Biological process; B) Cellular 




Figure 2.13: Venn diagrams showing the shared genes for differentially regulated genes in 
soybean, Glycine max (L.) Merr.: cultivars Clark and Manokin treated with H2O or 100 mM 
NaCl (A); cvs. Clark and Manokin treated with H2O or 100 mM NaCl and genes differentially 
regulated as seen by the interaction of cultivar and treatment from a two-factor ANOVA (B); 
cvs. Clark and Manokin treated with H2O, cvs. Clark and Manokin treated with 100 mM NaCl, 
and genes differentially regulated as seen by the interaction of cultivar and treatment from a two-





Figure 2.14: Semi-quantitative RT-PCR (30 cycles) for soybean, Glycine max (L.) Merr., genes, 
indicated to be differentially regulated in response to treatment with either H2O or 100 mM NaCl 
for 6 days, in cultivars Clark and Manokin leaves and roots. Measured transcripts are: Calcium 
binding EF hand (CaEF); BURP domain protein (BURP); Birch pollen allergen-like (PA like); 














Supplemental table 2.1: Genes identified by microarray analysis of RNA from soybean, Glycine 
max (L.) Merr., cv. Clark treated with H2O or 100 mM NaCl analyzed for average expression 













Glyma20g05030 Unknown 1.11 3.63 3.27 
Glyma16g30500 O-glucosyltransferase rumi homolog  0.84 2.66 3.15 
Glyma03g24450 Fatty acid hydroxylase superfamily  2.06 6.19 3.00 
Glyma01g41330 Expansin-like B1  1.41 3.66 2.59 




1.18 2.60 2.20 
Glyma17g36060 Cold regulated gene 27  2.11 4.63 2.19 
Glyma04g08410 BURP domain-containing protein  1.35 2.96 2.19 
Glyma14g01800 Unknown 1.32 2.85 2.15 
Glyma03g06670 Unknown 1.45 3.05 2.10 
Glyma08g27570 COBRA-like extracellular glycosyl-
phosphatidyl inositol-anchored protein 
family  
1.48 3.12 2.10 
Glyma03g26640 Auxin efflux carrier family protein  1.00 2.08 2.07 
Glyma13g35730 Putative regulatory protein, FmdB family; 
Zinc ribbon motif 
1.62 3.34 2.06 
Glyma20g39150 Major facilitator superfamily protein  1.64 3.36 2.06 
Glyma20g01930 17.6 kDa class II heat shock protein  1.56 3.15 2.02 
Glyma20g26830 Uncharacterised protein family SERF  2.10 4.20 2.00 
Glyma01g29240 Activator of 90 kDa heat shock protein 
ATPase homolog  
1.16 2.32 2.00 
Glyma18g03130 Protein of unknown function (DUF1313)  3.36 6.69 1.99 
Glyma07g03780 Pleiotropic drug resistance 12  1.49 2.91 1.96 
Glyma16g18700 Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin 
superfamily protein  
1.47 2.83 1.93 
Glyma05g31580 Unknown 1.43 2.76 1.93 
Glyma12g15890 Protein kinase superfamily protein  1.82 3.50 1.92 
Glyma03g37140 TSPO(outer membrane tryptophan-rich 
sensory protein)-related  
2.47 4.75 1.92 
Glyma06g12890 Pathogenesis-related family protein  3.09 5.86 1.90 
Glyma10g35310 P-loop containing nucleoside triphosphate 
hydrolases superfamily protein  
1.53 2.89 1.89 
Glyma08g00930 Pentatricopeptide repeat-containing 
protein At5g61800-like  
3.52 6.61 1.88 
Glyma08g01300 Homolog of Medicago truncatula MTN3  3.70 6.91 1.87 
96 
 
Supplemental table 2.1 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cv. Clark treated with H2O or 100 mM NaCl analyzed for 











transfer protein/seed storage 
2S albumin superfamily 
protein  
1.85 3.44 1.86 
Glyma06g22210 ABI five binding protein 3  2.36 4.30 1.82 
Glyma13g19220 GDSL-like 
Lipase/Acylhydrolase 
superfamily protein  
1.31 2.34 1.79 
Glyma18g17120 Uncharacterized protein 
LOC100306114  
2.17 3.82 1.76 
Glyma04g05440 Uncharacterized protein 
LOC100782412  
1.57 2.77 1.76 
Glyma07g13780 Acyl transferase/acyl 
hydrolase/lysophospholipase 
superfamily protein  
2.15 3.75 1.75 
Glyma19g38490 alpha/beta-Hydrolases 
superfamily protein  
1.06 1.85 1.74 
Glyma08g06110 Alpha/beta-Hydrolases 
superfamily protein  
2.82 4.86 1.72 
Glyma18g16700 AMP deaminase, putative / 
myoadenylate deaminase, 
putative  
1.73 2.96 1.71 
Glyma09g00950 Chaperonin-like RbcX 
protein  
3.03 5.15 1.70 
Glyma15g20180 Sucrose synthase 4  2.07 3.49 1.69 
Glyma07g22340 Auxin efflux carrier family 
protein  
2.24 3.76 1.68 
Glyma02g03140 Response regulator 3  1.64 2.73 1.66 
Glyma11g27720 Glutamine-dependent 
asparagine synthase 1  
3.96 6.59 1.66 
Glyma14g36930 B-box type zinc finger 
protein with CCT domain  
2.34 3.89 1.66 
Glyma02g17210 Thioredoxin superfamily 
protein  
2.37 3.92 1.65 
Glyma08g01210 Basic helix-loop-helix 
(bHLH) DNA-binding 
superfamily protein  
2.69 4.42 1.64 
Glyma13g21580 Uncharacterized protein 
LOC100782984  
2.36 3.86 1.64 
Glyma16g05540 B-box type zinc finger 
protein with CCT domain  
2.61 4.27 1.63 
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Glyma07g10030 Maturation-associated protein  1.58 2.57 1.62 
Glyma19g02890 Myb domain protein 16  2.61 4.22 1.62 
Glyma07g12780 Fatty acid hydroxylase 
superfamily  
2.37 3.82 1.61 
Glyma13g05550 Myb domain protein 106  2.63 4.24 1.61 
Glyma11g35270 Protein of unknown function 
(DUF1313)  
3.53 5.67 1.60 
Glyma20g23640 Unknown 2.40 3.82 1.59 
Glyma19g02650 GAST1 protein homolog 4  4.41 6.98 1.58 
Glyma13g32730 Octicosapeptide/Phox/Bem1p 
family protein  
3.12 4.89 1.57 
Glyma05g33310 Amidase family protein  2.88 4.49 1.56 
Glyma08g03320 K+ efflux antiporter 4  2.15 3.33 1.55 
Glyma16g22010 Subtilase family protein  2.49 3.87 1.55 
Glyma01g00820 CCCH-type zinc finger family 
protein  
2.87 4.40 1.53 
Glyma09g04030 Pre-mRNA polyadenylation 
factor fip1  
2.05 3.13 1.53 




2.33 3.53 1.51 
Glyma20g23620 Protein disulfide isomerase  1.98 2.96 1.50 
Glyma07g35620 Expansin A15  3.93 5.87 1.49 
Glyma06g21120 CCT motif -containing response 
regulator protein  
2.80 4.08 1.46 
Glyma18g01050 Microtubule-associated protein 
65-8  
1.91 2.77 1.45 
Glyma08g23010 Leucine-rich repeats (LRRs), 
ribonuclease inhibitor (RI)-like 
subfamily 
1.90 2.63 1.38 
Glyma09g35370 SAUR-like auxin-responsive 
protein family  
2.05 1.42 0.69 
Glyma18g08720 Uncharacterized protein 
LOC100784335  
3.77 2.59 0.69 
Glyma12g10620 MATE efflux family protein  4.60 3.11 0.68 
Glyma14g36430 WRKY DNA-binding protein 70  3.46 2.33 0.67 
Glyma08g00540 Glutamyl-tRNA(Gln) 
amidotransferase subunit A-like  
6.34 4.27 0.67 
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4.46 2.90 0.65 
Glyma09g08110 Protein kinase superfamily 
protein  
3.27 2.08 0.64 
Glyma14g39690 Protein kinase superfamily 
protein  
3.63 2.30 0.63 
Glyma06g48110 Zinc finger SWIM domain-
containing protein 7-like  
3.69 2.33 0.63 
Glyma06g12410 Protein kinase protein with 
adenine nucleotide alpha 
hydrolases-like domain  
2.75 1.74 0.63 
Glyma16g27690 Plant protein of unknown 
function (DUF247)  
5.14 3.21 0.62 
Glyma01g27000 O-fucosyltransferase family 
protein  




2.95 1.79 0.61 
Glyma05g37750 Phosphatidylinositol N-
acetyglucosaminlytransferase 
subunit P-related  
6.01 3.63 0.60 
Glyma10g14820 Long-chain-alcohol oxidase 
FAO2-like  
3.76 2.26 0.60 
Glyma09g06770 Basic helix-loop-helix (bHLH) 
DNA-binding superfamily 
protein  
2.45 1.45 0.59 
Glyma03g28850 Beta-1,3-glucanase 1  3.80 2.24 0.59 
Glyma14g02980 Trichome birefringence-like 43  3.68 2.17 0.59 
Glyma14g38120 Major facilitator superfamily 
protein  
3.72 2.18 0.59 
Glyma17g08220 Omega-6 fatty acid desaturase, 
chloroplastic-like  
3.15 1.85 0.59 
Glyma06g47450 NAD(P)-binding Rossmann-
fold superfamily protein  
3.02 1.76 0.58 
Glyma18g02510 Major facilitator superfamily 
protein  
6.54 3.79 0.58 
Glyma12g07920 CCT motif family protein  5.37 3.05 0.57 
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Glyma09g02460 Pectin lyase-like 
superfamily protein  
5.81 3.28 0.56 




3.94 2.17 0.55 
Glyma12g23900 Endomembrane protein 70 
protein family  
2.95 1.59 0.54 
Glyma05g21050 DNAJ homolog subfamily 
C member 7 homolog 
2.47 1.32 0.54 
Glyma11g35890 Major facilitator 
superfamily protein  
3.10 1.65 0.53 
Glyma18g36300 Alcohol oxidase  3.61 1.88 0.52 
Glyma12g34200 Gibberellin 2-oxidase 8  3.17 1.60 0.50 
Glyma03g04950 Lipid transfer protein 1  4.23 2.10 0.50 
Glyma09g07720 Myosin-Vb-like  6.01 2.96 0.49 
Glyma14g03210 Glycerol-3-phosphate 
acyltransferase 1  
5.85 2.87 0.49 
Glyma18g03470 Cellulase 2  3.43 1.67 0.49 
Glyma16g25260 RAD-like 5  3.77 1.79 0.47 
Glyma02g03210 Matrixin family protein  6.32 2.91 0.46 
Glyma15g11360 HSP20-like chaperones 
superfamily protein  
2.61 1.12 0.43 










Supplemental table 2.2: Genes identified by microarray analysis of RNA from soybean, Glycine 
max (L.) Merr., cv. Manokin treated with H2O or 100 mM NaCl analyzed for average expression 












Glyma07g12750 Fatty acid hydroxylase 
superfamily  
1.78 3.85 2.17 
Glyma07g12780 Fatty acid hydroxylase 
superfamily  
3.13 6.51 2.08 
Glyma18g07760 Protein EIN4-like, ethylene 
receptor-like 
1.34 2.59 1.94 
Glyma13g11900 RRNA intron-encoded homing 
endonuclease Medicago 
truncatula) 
0.96 1.83 1.90 
Glyma03g14660 Bifunctional purine biosynthesis 
protein PurH-like [Glycine max]) 
1.33 2.49 1.87 
Glyma01g35250 CYCLOPS  1.26 2.13 1.69 
Glyma09g09340 AP2 domain-containing 
transcription factor  
1.26 2.12 1.68 
Glyma20g01930 17.6 kDa class II heat shock 
protein  
1.77 2.88 1.63 
Glyma03g03670 Cytochrome P450, family 83, 
subfamily B, polypeptide 1  
2.63 4.18 1.59 
Glyma02g07650 PEBP 
(phosphatidylethanolamine-
binding protein) family protein  
1.63 2.56 1.57 
Glyma10g36890 Abscisic stress ripening-like 
protein  
1.34 2.08 1.55 
Glyma11g20950 Bifunctional inhibitor/lipid-
transfer protein/seed storage 2S 
albumin superfamily protein  
1.53 2.34 1.53 
Glyma13g43350 HD-ZIP IV family of homeobox-
leucine zipper protein with lipid-
binding start domain  
1.51 2.29 1.52 
Glyma15g06770 Pathogenesis-related protein-1-
like  
2.44 3.51 1.44 
Glyma16g32540 AGAMOUS-like 6  2.44 3.46 1.42 
Glyma14g37470 MuDR family transposase  1.72 2.40 1.40 
Glyma17g14210 Non-yellowing 1  2.77 1.97 0.71 
Glyma11g29000 Tetratricopeptide repeat (TPR)-
containing protein  
2.15 1.51 0.70 
Glyma08g20810 Pyridoxal phosphate 
phosphatase-related protein  
2.99 2.07 0.69 
Glyma07g01840 HPT phosphotransmitter 4  2.12 1.46 0.69 
Glyma02g13380 Unknown  2.74 1.76 0.64 
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soybean, Glycine max (L.) Merr., cv. Manokin treated with H2O or 100 mM NaCl analyzed for 
average expression values in NaCl treated plants. 
Glyma14g17030 40S ribosomal protein S13  2.65 1.70 0.64 




2.45 1.54 0.63 
Glyma12g23900 Endomembrane protein 70 
protein family  
3.06 1.88 0.61 
Glyma20g03250 Glycosyl transferase, family 35  5.88 3.58 0.61 
Glyma18g14790 Unknown 1.60 0.97 0.60 
Glyma15g01350 Alpha/beta-Hydrolases 
superfamily protein  




3.09 1.85 0.60 
Glyma11g06030 Calcium-binding EF-hand 
family protein  
3.07 1.81 0.59 
Glyma01g28490 Peroxisomal long-chain acyl-
CoA synthetase  
2.28 1.32 0.58 
Glyma17g03160 Toxicos en levadura 2  3.68 2.13 0.58 
Glyma03g33810 Unknown 1.67 0.96 0.58 
Glyma20g03280 GTP-binding protein engA  2.92 1.68 0.57 
Glyma12g34200 Gibberellin 2-oxidase 8  3.51 1.93 0.55 
Glyma11g35890 Major facilitator superfamily 
protein  
3.88 2.12 0.55 
Glyma18g20880 RNA-binding protein 1.76 0.94 0.53 
Glyma04g17070 Nudix hydrolase homolog 16  2.75 1.45 0.53 
Glyma08g46380 Cell division cycle 45  2.37 1.19 0.50 
Glyma04g02880 Glyoxal oxidase-related protein  5.19 2.59 0.50 
Glyma08g19390 Vacuolar iron transporter (VIT) 
family protein  
3.54 1.69 0.48 
Glyma15g05750 AGD2-like defense response 
protein 1  
2.18 1.00 0.46 








Supplemental table 2.3: Genes identified by microarray analysis of RNA from soybean, Glycine 
max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl analyzed using a 
two-factor ANOVA for cultivar and treatment to identify differences between cultivars set to the 




















containing protein  
1.79 1.53 8.77 9.06 5.38 
Glyma10g12050 Unknown  1.02 1.06 5.55 5.42 5.28 
Glyma06g37280 Unknown  1.35 1.07 6.05 6.18 5.05 
Glyma12g12280 Unknown  1.18 1.00 4.71 5.01 4.44 










family protein  
1.74 1.60 5.86 6.22 3.61 
Glyma04g10000 Unknown  1.32 1.26 4.45 4.34 3.40 
Glyma04g36690 Unknown  1.83 1.70 5.75 5.46 3.18 
Glyma03g05910 Unknown  1.80 2.12 5.95 6.30 3.13 
Glyma16g03530 Unknown  1.75 1.79 5.17 5.54 3.03 
Glyma03g04140 NB-ARC domain-
containing disease 
resistance protein  
2.20 2.07 6.45 6.29 2.98 
Glyma02g10320 Heat shock 
cognate protein 
70-1  
2.25 2.22 6.65 6.57 2.96 
Glyma03g22180 Unknown  1.65 1.87 5.08 5.30 2.94 
Glyma10g12040 Unknown  2.51 2.30 6.90 6.75 2.84 
Glyma14g04290 Unknown  1.62 1.51 4.81 3.83 2.76 
Glyma1667s00200 LRR and NB-
ARC domains-
containing disease 
resistance protein  
0.66 0.79 2.17 1.83 2.74 
Glyma03g03670 Cytochrome 
P450, family 83, 
subfamily B, 
polypeptide 1  
1.13 1.43 2.77 4.18 2.71 
Glyma02g45080 Pectin lyase-like 
superfamily 
protein  
1.05 1.30 2.94 3.37 2.70 
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Glyma02g34490 S-locus lectin 
protein kinase 
family protein  










1.54 1.48 4.10 3.68 2.57 
Glyma05g21520 Unknown  1.76 1.76 4.18 4.63 2.50 









1.11 1.29 2.94 3.05 2.49 




1.58 1.37 3.46 3.84 2.48 
Glyma13g41800 Beta glucosidase 
32  
2.61 2.48 6.17 6.43 2.48 
Glyma15g37070 Unknown  1.52 1.20 3.33 3.30 2.44 
Glyma02g06860 Phototropic-
responsive NPH3 
family protein  
1.97 2.23 5.10 4.95 2.40 




1.89 1.72 4.22 4.37 2.38 





1.19 1.23 2.75 2.79 2.29 
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Glyma18g49030 Unknown  2.44 2.21 5.17 5.39 2.27 
Glyma11g30480 Unknown  1.57 1.54 3.31 3.68 2.25 
Glyma16g03510 Unknown  1.49 1.40 3.10 3.41 2.25 
Glyma03g24190 Unknown 2.36 2.39 5.21 5.26 2.20 
Glyma11g27800 Unknown  2.59 2.76 5.65 6.04 2.19 
Glyma06g15950 RAB GTPase 
homolog B18  




1.64 2.13 4.58 3.53 2.15 
Glyma04g37150 FAR1-related 
sequence 3  
1.32 1.36 2.65 3.09 2.15 
Glyma02g24490 Major facilitator 
superfamily protein  
4.08 3.23 7.99 7.65 2.14 
Glyma02g34480 Unknown  1.75 1.87 3.68 3.93 2.10 
Glyma15g10570 BRCT domain-
containing DNA 
repair protein  




superfamily protein  
1.82 1.12 2.91 3.16 2.07 
Glyma11g32590 Cysteine-rich RLK 
(receptor-like 
protein kinase) 3  





1.61 1.27 2.93 2.88 2.02 
Glyma04g02880 Glyoxal oxidase-
related protein  
2.08 1.77 5.11 2.59 2.00 
Glyma03g03270 Arginase/deacetylase 
superfamily protein  
2.57 2.58 6.30 3.97 2.00 
Glyma09g09780 Unknown  3.52 3.22 6.63 6.80 1.99 
Glyma03g02180 Unknown  2.28 2.65 4.68 5.13 1.99 
Glyma16g31850 Disease resistance 
family protein / LRR 
family protein  




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 

























1.55 1.56 3.05 3.08 1.97 
Glyma04g41910 Unknown  1.47 1.75 2.89 3.38 1.95 
Glyma18g03910 Unknown  2.03 2.15 4.10 4.00 1.94 
Glyma10g09880 Unknown  1.62 1.56 3.06 3.10 1.93 
Glyma07g15190 Myo-inositol 
oxygenase 2  
1.69 1.51 2.87 3.29 1.93 
Glyma03g02200 AGAMOUS-
like 20  
1.65 2.07 3.11 3.94 1.90 
Glyma18g19100 Root hair 
specific 10  
2.05 1.89 3.71 3.76 1.89 
Glyma03g05820 Unknown  1.16 1.04 1.69 2.44 1.87 
Glyma09g30560 Unknown  1.62 1.58 2.66 3.32 1.87 





1.36 1.33 2.37 2.62 1.86 
Glyma06g37290 Unknown  2.63 2.67 4.84 5.00 1.86 







2.80 3.29 5.57 5.63 1.84 







2.21 2.15 3.94 4.05 1.83 
Glyma18g28380 Unknown 2.17 2.37 4.12 4.18 1.83 
Glyma16g02050 Pseudo-
response 
regulator 5  
3.87 4.41 7.48 7.40 1.80 
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Glyma03g24780 Unknown  3.13 3.25 5.84 5.63 1.80 
Glyma03g03560 Cytochrome P450, 
family 83, 
subfamily B, 
polypeptide 1  
3.01 2.21 4.77 4.55 1.79 
Glyma15g21270 Unknown  1.20 1.38 1.86 2.74 1.79 
Glyma19g33790 SecY protein 
transport family 
protein  
1.13 1.14 1.99 2.01 1.77 
Glyma10g32640 Fatty alcohol 
oxidase 3  
2.62 2.28 4.78 3.83 1.76 
Glyma18g08140 BTB/POZ domain-
containing protein  
3.13 3.62 6.09 5.76 1.76 
Glyma03g40540 Unknown  2.96 2.47 4.94 4.58 1.75 
Glyma10g23950 Unknown  0.77 0.83 1.26 1.55 1.75 
Glyma04g35120 Leucine-rich repeat 
protein kinase 
family protein  
0.99 0.95 1.66 1.71 1.74 
Glyma07g14840 Unknown  1.63 2.02 3.28 3.05 1.73 
Glyma16g23450 Receptor like 
protein 43  
1.16 1.06 1.61 2.23 1.73 
Glyma20g32570 Unknown 2.03 2.85 4.71 3.71 1.72 
Glyma09g07770 ELF4-like 3  2.81 1.86 4.08 3.91 1.71 
Glyma12g01680 Gamma-tocopherol 
methyltransferase  
1.86 2.00 3.29 3.31 1.71 
Glyma03g24200 Unknown  1.68 1.85 3.12 2.89 1.71 
Glyma06g43880 UDP-
Glycosyltransferase 
superfamily protein  
2.09 1.97 3.35 3.57 1.70 
Glyma15g23400 Phytochrome E  1.34 1.60 2.24 2.73 1.69 
Glyma18g45430 Unknown  2.45 3.10 4.28 5.03 1.68 




2.90 2.36 4.54 4.27 1.67 




1.18 1.20 1.91 2.04 1.66 
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Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
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1.86 1.89 3.29 2.92 1.66 




A, polypeptide 2  




kinase) 3  
2.94 2.44 4.43 4.38 1.64 
Glyma16g03490 Decoy  3.11 3.24 5.29 5.08 1.63 
Glyma04g12180 Cytochrome 
P450, family 71, 
subfamily B, 
polypeptide 23  
2.49 2.49 4.29 3.83 1.63 








2.40 2.20 3.79 3.70 1.63 
Glyma15g42980 MLP-like protein 
28  
3.24 2.84 5.00 4.86 1.62 




1.69 1.76 2.54 3.05 1.62 
Glyma07g07050 Unknown 1.45 1.38 2.24 2.35 1.62 






Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 


































1.90 2.01 3.38 2.93 1.61 
Glyma08g28820 related to AP2 6l  2.50 2.44 4.43 3.53 1.61 
Glyma10g28160 Unknown 1.11 0.94 1.63 1.68 1.61 
Glyma12g09350 UDP-D-
apiose/UDP-D-
xylose synthase 2  
4.32 4.14 6.87 6.72 1.61 
Glyma02g01360 Unknown 2.52 3.22 4.74 4.47 1.60 





2.14 2.43 3.79 3.49 1.59 
Glyma16g25220 Anaphase 
promoting 
complex 10  
2.27 2.20 3.59 3.52 1.59 
Glyma08g27260 O-
methyltransferase 
family protein  









class), putative  
1.65 2.03 2.86 2.98 1.59 




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 






















protein 1  
1.97 2.11 3.20 3.21 1.57 
Glyma07g10860 Chlorophyllase 
1  
1.11 1.00 1.90 1.41 1.57 










3.04 1.76 4.27 3.26 1.57 
Glyma20g39260 Signal peptide 
peptidase-like 
5  
0.67 0.71 1.00 1.16 1.56 
Glyma15g02480 Unknown 0.83 0.76 1.16 1.33 1.56 
Glyma05g15670 Unknown 0.78 0.86 1.33 1.23 1.56 
Glyma18g12900 Unknown 2.01 2.18 2.95 3.53 1.55 
Glyma07g12780 Fatty acid 
hydroxylase 
superfamily  
2.40 3.82 3.08 6.51 1.54 




1.69 1.81 2.38 3.02 1.54 
Glyma18g02600 PLAC8 family 
protein  





1.49 1.33 2.26 2.09 1.54 
Glyma12g15670 Unknown 1.76 1.52 2.16 2.89 1.54 




protein 11  




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 


























1.85 1.60 2.43 2.86 1.53 
Glyma19g31890 Unknown 1.50 1.54 2.14 2.47 1.52 
Glyma19g37270 Poly(A) 
binding 
protein 7  
0.95 0.95 1.59 1.30 1.52 
Glyma07g34200 Unknown 1.29 1.21 2.02 1.75 1.51 















3.13 4.52 5.55 5.96 1.50 
Glyma02g42640 Unknown 2.62 3.07 4.83 3.71 1.50 
Glyma20g07740 Unknown 1.69 1.77 2.41 2.78 1.50 
Glyma15g20580 Unknown 1.48 1.29 1.04 0.91 0.70 
Glyma11g11440 Amino acid 
permease 2  
3.39 3.73 2.43 2.57 0.70 









3.66 3.65 2.51 2.63 0.70 
Glyma18g29580 Unknown 8.17 8.21 6.00 5.49 0.70 
Glyma07g06860 Unknown 2.03 2.03 1.45 1.39 0.70 
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2.84 3.30 1.97 2.31 0.70 





3.17 3.34 2.27 2.25 0.70 
Glyma09g33740 Ubiquitin-
specific 
protease 20  
2.00 2.08 1.62 1.22 0.70 













2.63 2.55 1.70 1.88 0.69 
Glyma03g00640 Calmodulin 
5  
5.19 4.63 3.49 3.30 0.69 
Glyma14g12760 Unknown 2.31 2.56 1.70 1.67 0.69 









5.64 5.97 4.09 3.90 0.69 
Glyma18g13670 Unknown 1.70 1.59 1.13 1.12 0.68 
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Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
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Glyma12g01860 Unknown 1.92 1.81 1.31 1.23 0.68 
Glyma06g23850 Unknown 2.22 3.01 1.75 1.81 0.68 
Glyma11g18750 Protein of 
unknown function 
(DUF1022)  
1.34 1.53 0.98 0.97 0.68 
Glyma19g33610 Unknown 2.85 3.12 1.82 2.24 0.68 
Glyma13g04300 Unknown 2.89 3.34 1.93 2.30 0.68 
Glyma01g12950 Eukaryotic aspartyl 
protease family 
protein  
3.57 3.57 2.49 2.36 0.68 
Glyma07g10030 Unknown 1.56 2.57 1.33 1.47 0.68 
Glyma15g04340 ENTH/VHS family 
protein  
4.09 4.52 2.81 3.02 0.68 
Glyma16g05730 Thioredoxin 
superfamily protein  
3.85 3.07 2.44 2.24 0.68 
Glyma02g35610 Unknown 1.19 1.28 0.95 0.72 0.68 
Glyma19g21700 Protein kinase 
superfamily protein  
1.90 1.54 1.13 1.19 0.68 
Glyma15g39520 Unknown 2.29 2.60 1.80 1.50 0.68 




containing protein  
3.44 3.75 2.30 2.55 0.67 
Glyma11g00240 Leucine-rich repeat 
(LRR) family 
protein  
8.76 7.08 5.81 4.85 0.67 
Glyma19g37140 UDP-
Glycosyltransferase 
superfamily protein  
3.73 4.78 2.79 2.93 0.67 
Glyma02g14750 Unknown  2.86 2.71 1.86 1.90 0.67 
Glyma01g34390 Unknown 1.72 1.10 1.00 0.90 0.67 
Glyma07g10570 Receptor 
serine/threonine 
kinase, putative  





Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 






























4.56 4.32 2.77 3.18 0.67 
Glyma18g34860 Unknown 1.34 1.58 0.89 1.07 0.67 
Glyma01g23150 RNA-binding 
CRS1 / YhbY 
(CRM) domain-
containing protein  
1.70 2.00 1.37 1.11 0.67 










2.48 2.24 1.46 1.68 0.67 
Glyma03g10900 Mitochondrial 
substrate carrier 
family protein  
4.11 4.17 2.92 2.58 0.66 
Glyma17g03740 Unknown  1.69 1.40 1.07 0.97 0.66 
Glyma07g07230 Unknown 3.15 4.04 2.44 2.30 0.66 
Glyma19g07750 PQ-loop repeat 
family protein / 
transmembrane 
family protein  




family protein  




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 
























family protein  
7.51 7.46 5.06 4.75 0.65 
Glyma15g21330 Unknown  3.25 3.01 2.16 1.94 0.65 
Glyma05g33490 Unknown 3.77 3.45 2.33 2.38 0.65 
Glyma19g04330 Unknown 2.62 3.00 1.88 1.78 0.65 
Glyma20g18530 Unknown 1.69 1.75 1.16 1.07 0.65 
Glyma13g06800 Unknown 3.15 3.99 2.18 2.46 0.65 
Glyma19g25960 Unknown 2.92 3.98 2.41 2.07 0.65 




resistance protein  
1.22 1.50 0.90 0.86 0.65 
Glyma15g37140 NB-ARC domain-
containing disease 
resistance protein  
4.49 4.47 2.96 2.85 0.65 
Glyma19g07700 Disease resistance 
protein (TIR-NBS-
LRR class) family  
2.13 1.82 1.16 1.40 0.65 
Glyma18g38850 Unknown 2.88 2.47 1.74 1.71 0.65 





5.72 5.20 3.44 3.55 0.64 
Glyma09g30770 Zinc finger (Ran-
binding) family 
protein  
4.37 5.20 3.09 3.01 0.64 
Glyma18g28870 Unknown 3.06 3.51 2.00 2.19 0.64 
Glyma19g26210 Unknown 3.50 3.96 2.32 2.41 0.63 
Glyma14g35350 Exordium-like 2  1.93 2.60 1.35 1.53 0.63 





Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 























1.88 2.29 1.17 1.45 0.63 
Glyma09g08770 RNA-binding 
CRS1 / YhbY 
(CRM) domain-
containing protein  






2.92 2.77 1.79 1.78 0.63 




3.92 3.73 2.37 2.42 0.63 





2.35 2.36 1.53 1.41 0.62 










2.91 2.78 1.83 1.71 0.62 




3.97 4.05 2.55 2.42 0.62 
Glyma18g39440 Unknown 2.96 2.38 1.62 1.65 0.61 
Glyma08g37520 LOWCONF  2.78 2.96 1.73 1.77 0.61 




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 

























class), putative  
3.29 2.87 1.80 1.94 0.61 
Glyma06g21600 Unknown 4.06 3.74 2.49 2.24 0.61 
Glyma03g24730 Unknown 4.27 4.48 2.69 2.62 0.61 
Glyma06g43580 Unknown  7.74 7.54 4.50 4.74 0.60 
Glyma06g19930 Unknown 4.50 4.23 2.49 2.78 0.60 
Glyma11g32940 Unknown 2.93 2.86 1.73 1.76 0.60 
Glyma06g36030 Unknown 2.73 2.06 1.38 1.50 0.60 
Glyma13g07960 Unknown 2.33 2.08 1.21 1.44 0.60 







protein family  
1.58 1.49 0.92 0.92 0.60 
Glyma17g12160 Uclacyanin 1  3.83 3.78 2.21 2.36 0.60 
Glyma04g35030 Gibberellin-
regulated 
family protein  




5.78 5.51 3.28 3.47 0.60 
Glyma07g04180 ELF4-like 4  4.54 3.76 2.50 2.44 0.60 
Glyma08g28760 Unknown 6.89 6.49 3.91 4.06 0.60 
Glyma12g15890 Protein kinase 
superfamily 
protein  







Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 
cultivars set to the average Manokin expression values. 
Glyma Accession
a




















5.59 5.48 3.46 3.06 0.59 
Glyma13g07950 Unknown 3.85 4.13 2.29 2.42 0.59 
Glyma07g07260 Coenzyme Q 
biosynthesis Coq4 
family protein / 
ubiquinone 
biosynthesis Coq4 
family protein  
4.05 4.16 2.32 2.47 0.58 
Glyma15g39440 Unknown 2.41 2.44 1.48 1.33 0.58 
Glyma11g02200 Lactoylglutathione 
lyase / glyoxalase 
I family protein  
3.83 4.10 2.32 2.27 0.58 
Glyma06g24400 Unknown 1.39 2.07 0.95 1.05 0.58 
Glyma01g34750 Unknown 2.31 2.54 1.63 1.17 0.58 
Glyma18g17370 Unknown 2.71 2.79 1.58 1.57 0.57 
Glyma09g07720 Unknown 5.48 2.96 2.62 2.19 0.57 
Glyma07g10800 Domain of 
unknown function 
(DUF1995)  
4.12 4.14 2.58 2.12 0.57 
Glyma09g11750 Unknown 2.25 2.15 1.19 1.31 0.57 
Glyma18g09310 Unknown 2.77 2.89 1.57 1.63 0.57 
Glyma16g30540 Disease resistance 
family protein / 
LRR family 
protein  
3.16 3.15 2.09 1.48 0.57 




7.15 6.82 4.22 3.52 0.55 
Glyma17g31170 Unknown 1.71 3.08 1.30 1.35 0.55 
Glyma13g33380 TGACG motif-
binding factor 6  




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 































5.85 5.44 2.70 3.30 0.53 






6.54 6.21 3.61 3.16 0.53 
Glyma16g30320 disease 
resistance family 
protein / LRR 
family protein  
2.81 2.17 1.41 1.23 0.53 
Glyma0079s00250 SAUR-like 
auxin-responsive 
protein family  















3.12 2.96 1.69 1.42 0.51 
Glyma03g06890 Unknown 3.92 4.00 2.15 1.87 0.51 
Glyma05g01850 Unknown 2.55 3.51 1.47 1.60 0.51 
Glyma19g04390 Unknown 2.11 2.08 1.12 0.97 0.50 
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Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 





















Glyma18g09420 Putative lysine 
decarboxylase 
family protein  










2.04 1.71 1.00 0.81 0.48 





7.11 6.66 3.39 3.19 0.48 
Glyma11g16310 Unknown 2.13 2.15 1.16 0.88 0.48 
Glyma03g03450 Unknown 2.97 2.84 1.40 1.31 0.47 
Glyma13g33480 TGACG motif-
binding factor 6  
5.81 5.79 2.62 2.75 0.46 





1.64 1.61 0.70 0.79 0.46 
Glyma08g35620 Unknown 3.40 2.99 1.58 1.34 0.46 
Glyma18g43980 UDP-glucosyl 
transferase 73B5  
1.53 1.75 0.67 0.83 0.46 
Glyma19g10210 Unknown 2.29 2.02 1.07 0.89 0.46 
Glyma13g26430 Unknown 2.47 1.97 1.03 0.98 0.45 
Glyma15g39970 Unknown 6.23 6.34 2.86 2.82 0.45 










Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 



















Glyma06g40780 Target of AVRB 
operation1  
2.18 2.74 1.03 1.15 0.44 











class), putative  
5.23 5.49 2.23 2.46 0.44 






4.57 4.45 2.28 1.61 0.43 
Glyma12g03960 SAUR-like 
auxin-responsive 
protein family  
2.08 1.36 0.72 0.75 0.43 
Glyma13g26440 Unknown 3.10 2.93 1.25 1.32 0.43 
Glyma06g43360 SAUR-like 
auxin-responsive 
protein family  





4.36 4.27 1.65 1.93 0.41 
Glyma15g32320 Unknown 3.52 3.75 1.61 1.40 0.41 










Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 

























4.19 3.98 1.69 1.66 0.41 
Glyma18g46120 RPS5-like 1  5.33 4.90 2.10 2.06 0.41 
Glyma02g46310 Unknown 3.77 4.64 1.85 1.56 0.41 





5.02 3.76 1.81 1.69 0.40 
Glyma19g11560 Receptor 
serine/threonine 
kinase, putative  
3.74 3.56 1.54 1.37 0.40 
Glyma10g06300 Unknown 4.78 4.57 1.89 1.83 0.40 
Glyma07g15300 SNF7 family 
protein  
8.26 8.39 3.63 2.85 0.39 
Glyma18g29590 Unknown 4.05 4.31 1.76 1.49 0.39 
Glyma10g31130 Ammonium 
transporter 1;2  




protein family  
5.64 6.14 2.45 2.09 0.38 
Glyma03g24720 Unknown 4.34 4.45 1.54 1.76 0.38 
Glyma16g30810 Disease 
resistance 
family protein / 
LRR family 
protein  
3.49 4.10 1.44 1.34 0.37 
Glyma06g24410 Unknown 4.32 5.13 1.90 1.53 0.36 
Glyma02g39180 Unknown 3.59 3.96 1.32 1.36 0.35 
Glyma06g24030 Unknown 5.98 5.86 1.97 2.08 0.34 
Glyma01g05130 Unknown 2.84 3.23 1.06 0.99 0.34 
Glyma04g12690 Unknown 4.16 4.72 1.42 1.48 0.33 




Supplemental table 2.3 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 





































LRR class)  
4.55 3.87 1.29 1.31 0.31 
Glyma03g26460 Unknown 6.02 6.04 1.71 1.84 0.29 




4.57 4.96 1.40 1.28 0.28 
Glyma19g35300 Unknown 4.49 4.18 1.17 1.25 0.28 







5.09 4.00 1.30 1.13 0.27 
Glyma05g09410 Unknown 5.06 5.30 1.43 1.30 0.26 







7.98 8.10 2.18 1.75 0.24 
Glyma09g09860 Unknown 7.58 7.51 1.78 1.76 0.23 
Glyma07g07130 Unknown 5.57 5.26 1.28 1.06 0.22 
a: Accession number for soybean genome sequence (Glyma) 
123 
 
Supplemental table 2.4: Genes identified by microarray analysis of RNA from soybean, Glycine 
max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl analyzed using a 
two-factor ANOVA for cultivar and treatment to identify differences between H2O and NaCl 




















oxidase 8  
3.26 1.60 3.45 1.93 1.91 
Glyma11g35890 Major facilitator 
superfamily 
protein  
3.31 1.65 3.51 2.12 1.81 
Glyma11g36730 Xyloglucan 
endotransglucosyla
se/hydrolase 16  
2.93 1.79 3.48 1.85 1.76 





2.46 1.12 1.45 1.16 1.71 
Glyma12g23900 Endomembrane 
protein 70 protein 
family  






2.83 1.45 3.37 2.41 1.61 
Glyma19g11120 Unknown 1.16 0.67 0.97 0.68 1.59 
Glyma19g42880 Unknown 1.68 0.99 1.60 1.09 1.59 
Glyma01g27000 O-
fucosyltransferase 
family protein  
3.11 1.92 3.06 2.00 1.57 
Glyma09g07720 Unknown 5.48 2.96 2.62 2.19 1.57 




1.27 0.79 1.10 0.74 1.55 
Glyma14g11070 Putative lysine 
decarboxylase 
family protein  
1.32 0.85 1.52 0.98 1.55 
Glyma09g02460 Pectin lyase-like 
superfamily 
protein  
5.77 3.28 5.29 3.95 1.53 
Glyma03g28850 Beta-1,3-glucanase 
1  
3.72 2.24 3.51 2.50 1.53 
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Supplemental table 2.4 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 





















Glyma02g13380 Unknown 2.27 1.49 2.68 1.76 1.52 
Glyma18g36300 Unknown 3.67 1.88 4.00 3.17 1.52 
Glyma20g03250 Glycosyl 
transferase, 
family 35  
5.18 4.01 6.28 3.58 1.51 
Glyma11g13790 Unknown 1.41 1.05 1.64 0.98 1.50 
Glyma12g07920 CCT motif 
family protein  
5.24 3.05 4.87 3.68 1.50 
Glyma06g02620 Unknown 2.01 1.24 1.95 1.40 1.50 











3.00 4.86 3.14 3.97 0.70 
Glyma15g38690 Unknown 2.11 2.98 2.06 3.01 0.70 
Glyma18g02400 Unknown 1.06 1.80 1.30 1.59 0.70 





1.13 1.40 0.95 1.60 0.69 
Glyma10g27720 Unknown 0.96 1.24 0.84 1.37 0.69 
Glyma13g27230 Nuclear factor 
Y, subunit A9  
1.92 2.96 2.07 2.85 0.69 
Glyma06g17140 Exostosin 
family protein  









2.02 3.44 2.42 3.06 0.68 
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Supplemental table 2.4 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 



















Glyma16g05540 B-box type zinc 
finger protein with 
CCT domain  
2.59 4.27 2.90 3.77 0.68 
Glyma01g26890 Unknown 0.98 1.39 1.12 1.69 0.68 
Glyma01g21600 Unknown 0.88 1.23 0.96 1.48 0.68 
Glyma04g08410 BURP domain-
containing protein  
1.45 2.96 1.91 1.98 0.68 
Glyma06g21910 Heat shock protein 
101  
2.51 3.72 2.25 3.30 0.68 
Glyma18g03130 Protein of unknown 
function 
(DUF1313)  
3.49 6.69 5.09 5.96 0.68 
Glyma13g35730 Unknown 1.82 3.34 1.88 2.13 0.68 
Glyma07g39840 Unknown 2.51 3.93 2.66 3.72 0.68 
Glyma09g03370 Major facilitator 
superfamily protein  
1.48 2.64 2.00 2.52 0.67 
Glyma15g34460 Unknown 0.92 1.68 0.91 1.05 0.67 
Glyma08g00930 Unknown 3.78 6.61 4.36 5.54 0.67 
Glyma12g15890 Protein kinase 
superfamily protein  
1.68 3.50 1.61 1.47 0.66 





4.20 6.59 3.87 5.73 0.65 
Glyma17g36060 cold regulated gene 
27  
2.31 4.63 3.15 3.77 0.65 
Glyma02g17210 Thioredoxin 
superfamily protein  






2.61 4.75 2.82 3.72 0.64 
Glyma05g34660 Unknown 1.35 2.40 1.30 1.84 0.62 





Supplemental table 2.4 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify differences between 
























1.59 2.65 1.58 2.56 0.61 




superfamily protein  
1.41 2.89 1.68 2.19 0.61 
Glyma16g32540 AGAMOUS-like 6  2.52 4.49 2.28 3.46 0.60 
Glyma05g31580 Unknown 1.48 2.76 1.29 1.83 0.60 
Glyma08g45150 Maternal effect 
embryo arrest 59  
1.42 2.45 1.47 2.34 0.60 
Glyma05g03080 Unknown 2.40 4.80 2.69 3.73 0.60 
Glyma20g29770 CAP160 protein  2.26 4.61 2.81 4.17 0.58 
Glyma20g01930 17.6 kDa class II 
heat shock protein  
1.54 3.15 1.86 2.88 0.56 
Glyma16g30500 Unknown 0.85 2.66 1.61 1.73 0.56 
Glyma09g29360 Kunitz family 
trypsin and protease 
inhibitor protein  
0.68 1.53 0.91 1.35 0.55 
Glyma07g12780 Fatty acid 
hydroxylase 
superfamily  
2.40 3.82 3.08 6.51 0.53 
Glyma07g12750 Fatty acid 
hydroxylase 
superfamily  
1.45 2.36 1.72 3.85 0.51 
Glyma20g05030 Unknown 1.43 3.63 1.71 2.73 0.49 
Glyma03g24450 Fatty acid 
hydroxylase 
superfamily  
2.37 6.19 1.77 3.13 0.44 






Supplemental table 2.5: Genes identified by microarray analysis of RNA from soybean, Glycine 
max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl analyzed using a 
















Glyma01g06460 LOWCONF  1.49 1.14 1.01 1.27 
Glyma01g25010 Branched-chain alpha-
keto acid decarboxylase 
E1 beta subunit  
1.72 2.19 2.50 1.99 
Glyma01g36530 Vacuolar iron transporter 
(VIT) family protein  
1.16 0.74 0.84 0.89 
Glyma01g05970 Calcium-binding EF-
hand family protein  
1.25 0.89 0.86 0.98 
Glyma01g43180 Protein of unknown 
function (DUF567)  
1.64 2.94 1.78 1.68 
Glyma01g06720 Chitinase A  1.14 0.85 0.91 0.98 
Glyma01g35550 Unknown 1.62 2.42 2.16 1.80 
Glyma01g04950 SPFH/Band 7/PHB 
domain-containing 
membrane-associated 
protein family  
1.77 1.20 1.48 1.50 
Glyma01g27210 Cysteine proteinases 
superfamily protein  
1.02 1.42 1.73 1.34 
Glyma01g31160 Unknown 1.41 0.84 0.98 0.83 




1.79 1.21 1.41 1.44 
Glyma01g02460 Leucine-rich repeat 
protein kinase family 
protein  
1.88 1.69 1.28 1.47 
Glyma01g13400 Acyl-CoA N-
acyltransferases (NAT) 
superfamily protein  
1.38 0.82 0.99 1.02 
Glyma01g45010 FAR1-related sequence 5  1.44 1.11 1.07 1.25 
Glyma01g27370 Unknown 1.16 0.89 0.88 0.95 
Glyma01g29240 Unknown 1.24 2.32 1.85 1.68 
Glyma01g09150 Unknown 1.24 1.90 1.61 1.24 
Glyma01g34080 Unknown 0.83 1.06 1.12 0.99 
Glyma01g06040 Unknown 1.61 1.24 1.23 1.40 
Glyma01g11110 RING/U-box superfamily 
protein  
2.22 1.48 1.73 1.76 
Glyma02g02720 Unknown 1.88 1.41 1.26 1.79 
Glyma02g42640 Unknown 2.62 3.07 4.83 3.71 
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Supplemental table 2.5 cotinued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify the interaction 

















Glyma02g15480 Unknown 1.72 1.23 1.33 1.54 
Glyma02g34490 S-locus lectin 
protein kinase 
family protein  







2.13 1.35 1.61 1.60 
Glyma02g16350 NIMA-related 
kinase 4  







2.19 2.85 3.45 3.05 
Glyma02g35520 Unknown 1.26 1.64 1.87 1.49 
Glyma02g45310 Unknown 2.43 2.69 3.74 2.91 





protein family  
7.98 8.10 2.18 1.75 
Glyma02g41710 LOB domain-
containing 
protein 33  
1.44 0.99 1.01 1.29 
Glyma02g23190 Unknown 1.31 0.91 0.76 1.08 
Glyma02g46310 Unknown 3.77 4.64 1.85 1.56 
Glyma02g38420 Zinc ion 
binding;nucleic 
acid binding  





1.49 0.97 1.10 0.98 
Glyma02g37260 Unknown 1.55 1.00 1.11 1.36 
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Supplemental table 2.5 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify the interaction 





















1.81 2.51 2.55 2.41 
Glyma02g37200 Amino acid 
permease family 
protein  
1.82 1.26 1.47 1.41 
Glyma02g03140 Response regulator 
3  
1.64 2.73 2.24 2.41 
Glyma02g14470 ABC-2 type 
transporter family 
protein  
1.56 2.21 1.96 1.95 
Glyma02g31350 Integrase-type 
DNA-binding 
superfamily protein  
0.97 1.14 1.38 1.14 
Glyma02g09550 CHASE domain 
containing histidine 
kinase protein  
2.02 2.64 2.99 2.86 
Glyma02g08090 Unknown 1.71 1.31 1.23 1.41 
Glyma02g29080 Unknown 1.47 1.10 1.05 1.20 
Glyma02g01720 Alpha/beta-
Hydrolases 
superfamily protein  
1.57 2.28 1.76 1.99 
Glyma03g38940 Unknown 1.03 0.66 0.79 0.91 
Glyma03g08870 Unknown 1.38 0.96 0.88 1.15 
Glyma03g37570 Unknown 1.51 0.94 0.96 1.04 
Glyma03g04950 Lipid transfer 
protein 1  
4.23 2.10 3.79 3.32 
Glyma03g35780 Unknown 1.52 2.21 2.26 2.04 
Glyma03g03670 Cytochrome P450, 
family 83, 
subfamily B, 
polypeptide 1  
1.13 1.43 2.77 4.18 
Glyma03g21540 GTP 
cyclohydrolase I  
0.92 1.24 1.34 1.09 
Glyma03g32830 Unknown 1.37 1.01 1.01 1.18 
Glyma03g21110 Unknown 1.40 1.04 1.12 1.18 
Glyma03g25500 Unknown 1.12 0.80 0.71 0.90 
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Supplemental table 2.5 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify the interaction 
















Glyma03g40140 Unknown 1.55 1.10 1.05 1.18 
Glyma03g04790 Unknown 1.43 1.94 2.03 1.68 
Glyma03g39620 Actin-binding FH2 
(formin homology 
2) family protein  
1.56 1.30 1.10 1.28 
Glyma03g06670 Unknown 1.52 3.05 2.49 2.44 
Glyma03g28360 VQ motif-
containing protein  




family protein  
3.09 3.84 4.05 4.02 




family protein  




family protein  
1.11 0.92 0.80 0.89 




1.24 0.88 0.99 1.09 
Glyma03g20620 Unknown 1.06 0.75 0.84 0.90 
Glyma03g26570 Unknown 1.29 1.92 1.72 1.44 
Glyma03g03420 Unknown 1.43 0.87 0.99 1.23 
Glyma03g27680 Unknown 1.23 0.83 0.95 1.01 
Glyma04g17070 Nudix hydrolase 
homolog 16  
1.46 1.64 2.86 1.45 
Glyma04g02660 GAST1 protein 
homolog 1  
1.24 1.88 1.46 1.39 




0.95 1.23 1.42 1.02 




Supplemental table 2.5 continued: Genes identified by microarray analysis of RNA from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 
analyzed using a two-factor ANOVA for cultivar and treatment to identify the interaction 

















containing protein  
1.45 2.96 1.91 1.98 
Glyma04g07730 Unknown  1.04 1.50 1.27 1.21 
Glyma04g34590 Unknown 0.86 1.17 1.17 0.97 
Glyma04g36850 Unknown 1.38 0.91 0.99 1.09 
Glyma04g21730 Protein of unknown 
function (DUF2921)  
1.29 0.89 0.98 1.12 
Glyma04g18990 Unknown 0.98 1.27 1.43 1.10 
Glyma04g28470 Unknown 0.79 1.16 0.91 0.88 
Glyma04g30920 Pectin lyase-like 
superfamily protein  
1.42 1.12 1.12 1.02 
Glyma04g37660 GDSL-like 
Lipase/Acylhydrolase 
superfamily protein  
1.31 1.59 1.88 1.61 




family protein  
3.67 4.48 5.56 5.59 
Glyma04g41490 CCT motif family 
protein  
1.40 2.67 2.07 1.85 
Glyma04g35690 Unknown 1.55 1.15 1.02 1.41 
Glyma04g35640 Unknown 1.33 0.91 0.90 1.15 
Glyma04g26760 Unknown 1.28 0.98 0.89 1.04 
Glyma04g14540 Unknown 1.65 1.25 1.24 1.35 
Glyma04g08630 Unknown 3.16 2.44 2.48 2.48 
Glyma04g31700 Unknown 0.96 1.15 1.44 1.11 
Glyma04g33980 Unknown 1.32 1.86 1.81 1.74 
Glyma05g25040 Unknown 1.54 2.34 2.53 1.90 
Glyma05g25950 Unknown 1.89 2.81 2.43 1.97 
Glyma05g09170 HEAT repeat-
containing protein  
1.62 1.13 1.12 1.12 
Glyma05g33150 ENTH/VHS/GAT 
family protein  
1.90 2.87 2.54 2.37 
Glyma05g03390 Unknown 3.71 4.66 4.99 4.68 
Glyma05g25350 Unknown 1.38 1.11 1.00 1.16 
Glyma05g35630 Unknown 1.21 1.27 2.09 1.60 
Glyma05g21770 Unknown 1.15 0.83 0.81 0.89 
Glyma05g29860 Unknown 1.80 1.31 1.27 1.45 
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1.64 2.13 4.58 3.53 
Glyma06g39950 Unknown 4.23 2.90 2.88 3.00 
Glyma06g19100 Unknown 1.58 2.20 2.58 1.89 
Glyma06g24160 Unknown 1.79 1.37 1.15 1.47 
Glyma06g24410 Unknown 4.32 5.13 1.90 1.53 
Glyma06g40350 S-locus lectin 
protein kinase 
family protein  
1.26 1.64 1.69 1.60 
Glyma06g23510 Unknown 1.31 1.02 0.89 1.14 






1.14 1.76 1.80 1.47 
Glyma06g29790 Protein of 
unknown function 
(DUF594)  
1.67 1.20 1.27 1.35 
Glyma06g10640 Unknown 1.41 2.28 1.60 1.73 
Glyma06g41390 Unknown 1.06 1.43 1.42 1.25 
Glyma06g24140 Unknown 0.76 1.13 1.14 0.98 
Glyma06g17380 Serine 
carboxypeptidase-
like 45  
1.64 1.22 1.22 1.43 
Glyma06g41440 Unknown 0.89 1.26 1.34 1.00 
Glyma07g12100 Unknown 1.36 0.90 0.92 1.18 
Glyma07g12780 Fatty acid 
hydroxylase 
superfamily  
2.40 3.82 3.08 6.51 
Glyma07g12750 Fatty acid 
hydroxylase 
superfamily  
1.45 2.36 1.72 3.85 
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family protein  
0.99 1.28 1.27 1.17 
Glyma07g33590 Cold regulated gene 
27  
1.47 2.42 1.62 1.82 
Glyma07g26530 Unknown 0.85 1.25 1.29 0.87 
Glyma07g00790 Regulator of Vps4 
activity in the MVB 
pathway protein  
3.07 2.34 2.35 2.44 
Glyma07g18340 ALC-interacting 
protein 1  
1.64 1.08 1.13 1.34 
Glyma07g30770 S-locus lectin protein 
kinase family protein  
1.65 1.16 1.26 1.28 
Glyma07g19430 Unknown 1.08 1.24 1.45 1.39 
Glyma07g32330 Cytochrome P450, 
family 93, subfamily 
D, polypeptide 1  
6.95 5.73 4.69 4.70 
Glyma07g36940 PAPA-1-like family 
protein / zinc finger 
(HIT type) family 
protein  
1.35 1.79 1.83 1.44 
Glyma07g17710 Unknown 0.96 1.62 1.23 0.88 
Glyma07g04240 Myb domain protein 
4  
1.89 1.32 1.48 1.36 
Glyma07g12960 Aminotransferase-
like, plant mobile 
domain family 
protein  
1.54 1.21 1.17 1.16 
Glyma07g29160 Unknown 1.07 0.78 0.85 0.88 
Glyma07g15370 Unknown 0.76 1.18 1.39 1.22 
Glyma07g17990 Unknown 1.27 1.64 1.86 1.54 
Glyma08g37360 Unknown 1.80 1.33 1.16 1.37 
Glyma08g12160 Unknown 1.32 0.92 1.02 1.06 
Glyma08g38010 Unknown 1.85 1.49 1.06 1.39 
Glyma08g17050 Unknown 1.26 0.94 0.98 1.01 
Glyma08g20810 Pyridoxal phosphate 
phosphatase-related 
protein  
1.57 2.08 3.13 2.07 
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1.29 1.85 1.67 1.44 
Glyma08g01300 Homolog of 
Medicago truncatula 
MTN3  
3.42 6.91 6.39 6.36 
Glyma08g27460 Unknown 1.53 1.28 1.05 1.22 
Glyma08g12590 Fasciclin-like 
arabinogalactan-
protein 12  
1.74 1.20 1.19 1.63 
Glyma08g09530 Unknown  1.20 0.79 0.87 0.85 
Glyma08g26130 Unknown 1.04 0.72 0.72 0.95 
Glyma08g12490 Unknown 0.95 1.39 1.56 0.99 





2.74 4.42 3.46 3.78 
Glyma08g13950 Senescence 
associated gene 18  
1.39 0.92 1.14 1.14 
Glyma08g17860 Myb domain protein 
63  
1.97 1.13 1.45 1.46 
Glyma08g29500 NOD26-like major 
intrinsic protein 1  
1.25 0.97 0.94 1.10 
Glyma08g03320 K+ efflux antiporter 
4  
2.19 3.33 2.69 2.75 
Glyma08g28450 Unknown 0.97 1.25 1.26 1.21 
Glyma08g27540 Unknown 2.63 2.96 3.67 3.47 
Glyma08g22470 Ran BP2/NZF zinc 
finger-like 
superfamily protein  
2.44 3.06 3.16 2.98 
Glyma08g37070 Indole-3-acetic acid 
inducible 9  
2.75 3.89 3.74 3.72 
Glyma08g46920 Unknown 1.03 1.44 1.34 1.18 
Glyma08g21410 HAD superfamily, 
subfamily IIIB acid 
phosphatase  
6.43 9.39 8.83 8.55 
Glyma08g00820 Unknown 0.83 1.36 1.27 1.49 
Glyma09g21040 Unknown 1.28 1.02 1.02 0.94 
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1.59 2.51 2.56 1.97 
Glyma09g23620 Unknown 1.52 1.08 1.06 1.17 
Glyma09g24860 Unknown 1.49 1.29 1.00 1.13 
Glyma09g04870 Drought-induced 
21  
1.68 1.25 1.25 1.34 
Glyma09g00270 Unknown 2.36 2.37 3.03 3.88 
Glyma09g01910 O-Glycosyl 
hydrolases family 
17 protein  
2.61 3.64 3.89 3.87 
Glyma09g29550 ARF-GAP 
domain 15  
1.19 1.70 1.66 1.36 
Glyma09g09250 Unknown 1.25 1.00 0.93 0.99 
Glyma09g30560 Unknown 1.62 1.58 2.66 3.32 
Glyma09g11890 Unknown 1.12 1.43 1.82 1.17 
Glyma09g02510 LOB domain-
containing 
protein 4  
1.45 1.88 2.11 1.79 
Glyma09g05290 Unknown 1.57 1.35 1.15 1.27 
Glyma09g16880 Unknown 5.47 4.38 4.47 4.15 
Glyma09g07720 Unknown 5.48 2.96 2.62 2.19 
Glyma09g13550 Unknown 2.00 1.44 1.48 1.77 
Glyma09g41800 Yellow stripe like 
7  
2.31 1.83 1.55 1.96 






1.54 1.07 1.13 1.47 
Glyma09g10010 LSD1 zinc finger 
family protein  
1.79 2.29 2.30 2.16 
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Glyma10g12850 C-terminal cysteine residue is 
changed to a serine 1  
1.10 1.66 1.41 1.07 
Glyma10g36530 Unknown 0.96 1.57 1.58 1.43 
Glyma10g18420 Unknown 1.04 0.66 0.76 0.83 
Glyma10g14970 Unknown 0.73 1.14 0.90 0.86 
Glyma10g22090 Cytochrome P450, family 71, 
subfamily B, polypeptide 12  
1.53 1.08 1.11 1.23 
Glyma10g35770 Unknown 1.87 1.45 1.42 1.50 
Glyma10g35860 Unknown 3.32 4.36 4.35 4.20 
Glyma10g42120 Unknown 5.15 4.91 3.24 4.00 
Glyma10g22050 Unknown 2.68 2.08 1.98 2.19 
Glyma10g37260 Disease resistance family 
protein / LRR family protein  
0.95 1.32 1.39 1.08 
Glyma10g43050 Mechanosensitive channel of 
small conductance-like 5  
1.36 1.84 1.87 1.43 
Glyma10g27040 Unknown 1.26 0.97 0.85 1.15 
Glyma10g11560 Unknown 1.09 0.81 0.72 0.89 
Glyma10g04830 GDSL-like 
Lipase/Acylhydrolase 
superfamily protein  
1.48 2.38 1.88 1.83 
Glyma10g37660 Detoxifying efflux carrier 35  1.94 2.84 2.29 2.32 
Glyma10g32280 CBL-interacting protein 
kinase 4  
2.36 1.64 1.59 1.63 
Glyma10g36300 Integrase-type DNA-binding 
superfamily protein  
1.83 1.32 1.44 1.34 
Glyma10g05640 Unknown 1.04 1.22 1.41 1.30 
Glyma10g00800 Peptide transporter 3  1.91 1.28 1.40 1.37 
Glyma11g36640 Exostosin family protein  2.00 2.85 2.68 2.21 
Glyma11g29850 Unknown 1.67 1.23 1.36 1.34 
Glyma11g32970 ELMO/CED-12 family 
protein  
1.56 1.06 0.97 1.04 
Glyma11g00750 Unknown 1.67 1.12 1.05 1.20 
Glyma11g34580 Major facilitator superfamily 
protein  
0.93 1.17 1.38 1.07 
Glyma11g08340 Unknown 1.61 2.18 2.01 2.02 
Glyma11g18360 Unknown 1.40 1.04 0.94 1.05 
Glyma11g35270 Protein of unknown function 
(DUF1313)  
3.62 5.67 4.00 4.29 
Glyma11g18600 Unknown 1.85 1.01 1.57 1.38 
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hydrolase 6  
4.58 2.90 4.05 3.41 
Glyma11g35840 ARM repeat superfamily 
protein  
1.53 2.11 1.95 1.74 
Glyma11g18820 FAR1-related sequence 1  1.80 1.11 1.26 1.23 
Glyma11g07870 Protein of unknown function 
(DUF726)  
1.10 1.54 1.74 1.37 
Glyma11g16340 Unknown 0.89 1.47 1.21 0.89 
Glyma11g16320 Glutamate dehydrogenase 1  1.39 1.08 0.96 0.95 
Glyma11g34480 Unknown 1.70 1.29 0.91 1.15 
Glyma11g31120 Cytochrome P450, family 79, 
subfamily B, polypeptide 2  
1.26 0.90 0.69 0.91 
Glyma11g37990 GCR2-like 1  1.56 2.22 2.30 1.69 
Glyma11g13270 Homolog of carrot EP3-3 
chitinase  
1.51 1.22 1.02 1.32 
Glyma11g02730 Myosin heavy chain-related 
protein  
3.37 4.27 4.38 4.14 
Glyma12g15890 Protein kinase superfamily 
protein  
1.68 3.50 1.61 1.47 
Glyma12g29500 Unknown 1.90 1.55 1.22 1.45 
Glyma12g15350 Unknown  0.70 0.99 1.14 0.76 
Glyma12g11880 Unknown 1.10 0.89 0.84 0.90 
Glyma12g30470 ARM repeat superfamily 
protein  
1.26 1.01 0.88 1.06 
Glyma12g15400 Protein of unknown function 
(DUF1637)  
1.87 2.52 2.35 2.50 
Glyma12g11270 Unknown 1.27 1.60 1.66 1.58 
Glyma12g11360 Unknown 1.01 1.35 1.33 1.20 
Glyma12g29350 Syntaxin of plants 71  1.47 0.96 1.19 1.15 
Glyma12g16640 NAD(P)-binding Rossmann-
fold superfamily protein  
1.51 1.09 1.17 1.29 
Glyma12g11280 Beta glucosidase 14  1.22 0.85 0.85 1.08 
Glyma12g35850 Protein of unknown function 
(DUF640)  
1.65 1.90 2.47 1.85 
Glyma12g24940 Unknown 1.18 0.96 0.83 1.04 
Glyma12g17300 Unknown 2.31 1.49 1.67 1.66 
Glyma12g12730 Uncharacterised protein 
family (UPF0497)  
0.92 1.22 1.17 1.19 
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Glyma12g14490 Unknown 1.63 1.18 1.24 1.18 
Glyma12g32860 Secretory carrier 
membrane protein 
(SCAMP) family protein  
1.88 1.43 1.54 1.49 
Glyma13g22130 Unknown 1.03 0.69 0.63 0.88 
Glyma13g27610 Pentatricopeptide repeat 
336  
1.45 2.03 2.19 1.84 
Glyma13g26060 Unknown 1.38 0.94 1.05 1.13 
Glyma13g41470 Myb domain protein 83  1.64 1.17 1.17 1.37 
Glyma13g35730 Unknown 1.82 3.34 1.88 2.13 
Glyma13g16480 Basic helix-loop-helix 
(bHLH) DNA-binding 
family protein  
1.81 1.26 1.25 1.37 
Glyma13g25090 Unknown 3.19 2.71 2.18 2.75 
Glyma13g21580 Unknown 2.39 3.86 2.88 3.01 
Glyma13g07110 Methylenetetrahydrofolate 
reductase family protein  
1.01 1.27 1.44 1.14 
Glyma13g30890 DNAJ heat shock family 
protein  
1.55 1.11 1.26 1.33 
Glyma13g36710 Protein of unknown 
function, DUF538  
0.85 1.20 1.54 1.09 
Glyma13g31420 allantoinase  1.01 1.44 1.20 1.16 
Glyma13g43920 Nucleotide transporter 1  1.30 1.69 1.70 1.48 
Glyma13g01540 Unknown 1.57 2.43 1.96 1.73 
Glyma14g39250 Unknown 1.10 1.85 1.76 1.50 
Glyma14g07750 Regulatory particle triple-
A ATPase 4A  
1.27 1.70 1.77 1.45 
Glyma14g01800 Unknown 1.46 2.85 2.72 1.70 
Glyma14g39690 Protein kinase 
superfamily protein  
3.78 2.30 3.27 3.19 
Glyma14g12980 Unknown 0.82 1.02 1.25 0.88 
Glyma14g11480 Unknown 1.61 1.23 1.08 1.30 
Glyma14g09170 Remorin family protein  2.62 3.48 3.38 3.06 
Glyma14g36930 B-box type zinc finger 
protein with CCT domain  
2.51 3.89 2.99 3.33 
Glyma14g26400 Unknown 1.63 1.06 1.24 1.33 
Glyma14g34320 Unknown 1.26 0.88 0.86 1.04 
Glyma14g39600 High mobility group A  2.99 4.05 3.82 3.71 
Glyma14g07490 Unknown 1.02 1.29 1.40 1.18 
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0.91 1.66 1.43 0.88 
Glyma15g38000 Unknown 1.28 0.83 0.96 1.01 
Glyma15g18090 Unknown 1.15 1.83 1.42 1.27 
Glyma15g07680 Unknown 1.97 1.01 1.50 1.46 
Glyma15g39460 Disease resistance 
protein (CC-NBS-
LRR class) family  
5.09 4.00 1.30 1.13 
Glyma15g23990 Unknown 1.82 1.18 1.30 1.29 
Glyma15g23440 Carbohydrate-
binding X8 domain 
superfamily protein  
1.84 2.59 2.76 2.33 
Glyma15g41090 Unknown 0.96 1.18 1.43 1.11 
Glyma15g12840 Domain of unknown 
function (DUF2431)  
1.57 1.19 1.15 1.39 
Glyma15g39200 Unknown 0.73 0.92 1.01 0.79 
Glyma15g36290 Unknown 1.66 1.30 1.17 1.41 
Glyma15g26790 Polygalacturonase 
inhibiting protein 1  
1.06 1.34 1.66 1.20 
Glyma15g01220 Lactoylglutathione 
lyase / glyoxalase I 
family protein  
2.15 2.93 3.17 2.65 
Glyma15g23030 Unknown 1.09 0.79 0.84 0.98 
Glyma15g25110 Pectin methylesterase 
inhibitor 1  
0.96 1.27 1.54 1.13 
Glyma15g11360 HSP20-like 
chaperones 
superfamily protein  
2.46 1.12 1.45 1.16 
Glyma15g33740 2-oxoglutarate (2OG) 
and Fe(II)-dependent 
oxygenase 
superfamily protein  




2.90 1.93 1.41 2.33 
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superfamily protein  
1.60 1.89 2.39 1.89 
Glyma15g32580 Unknown 1.13 0.82 0.85 0.90 
Glyma15g09610 Protein of unknown 
function, DUF584  
1.11 1.72 1.43 1.24 
Glyma15g39130 PIF1 helicase  1.23 0.90 0.92 0.96 
Glyma15g39450 Disease resistance 
protein (TIR-NBS-
LRR class)  
4.55 3.87 1.29 1.31 
Glyma15g19040 Unknown 1.57 1.11 1.04 1.02 





1.47 1.17 1.14 1.10 
Glyma16g30500 Unknown 0.85 2.66 1.61 1.73 
Glyma16g10830 Unknown 1.17 0.90 0.92 0.99 
Glyma16g28180 Unknown 1.85 2.40 2.63 2.30 
Glyma16g20720 Unknown 0.69 1.29 0.99 0.87 
Glyma16g17650 Unknown 1.42 2.18 2.09 1.77 
Glyma16g19550 Unknown 0.76 1.10 1.08 0.75 
Glyma16g23450 Receptor like protein 
43  
1.16 1.06 1.61 2.23 
Glyma16g23570 Disease resistance 
family protein / LRR 
family protein  
1.03 0.67 0.85 0.91 
Glyma16g05730 Thioredoxin 
superfamily protein  
3.85 3.07 2.44 2.24 
Glyma17g01570 Unknown 1.42 2.08 2.02 1.65 
Glyma17g13730 Malate synthase  1.44 1.04 1.02 1.22 
Glyma17g04870 Ankyrin repeat 
family protein  
2.67 3.42 3.76 2.98 
Glyma17g13460 Proline transporter 1  1.09 1.58 1.36 1.19 
Glyma17g22300 Unknown 1.43 1.01 0.99 1.02 
Glyma17g17560 Myb domain protein 
79  
1.37 1.11 0.96 1.22 
Glyma17g06780 Unknown 1.34 0.96 1.10 1.11 
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Glyma17g32820 Unknown 0.77 0.85 1.30 0.89 
Glyma17g12140 Unknown 1.11 1.54 1.41 1.24 
Glyma17g29750 Protein of 
unknown function 
(DUF1218)  
1.85 2.21 2.81 2.30 
Glyma17g01710 Met-10+ like 
family protein / 
kelch repeat-
containing protein  
1.22 0.99 0.72 0.97 
Glyma17g23160 Unknown  0.65 1.00 0.95 0.83 
Glyma17g36060 Cold regulated 
gene 27  
2.31 4.63 3.15 3.77 
Glyma18g09960 Unknown 1.42 0.95 1.17 1.10 
Glyma18g02510 Major facilitator 
superfamily 
protein  
6.58 3.79 6.05 5.09 
Glyma18g03130 Protein of 
unknown function 
(DUF1313)  
3.49 6.69 5.09 5.96 
Glyma18g39840 Unknown 1.40 0.95 0.82 0.96 
Glyma18g39430 Unknown 1.03 1.40 1.52 1.18 
Glyma18g12340 Unknown 1.72 1.15 1.24 1.20 
Glyma18g08180 Uridine kinase-like 
4  
2.78 3.75 3.61 3.22 
Glyma18g53740 Unknown 0.83 1.11 1.15 0.87 
Glyma18g08650 Unknown 1.24 1.72 1.68 1.41 
Glyma18g18510 Pyrophosphorylase 
3  
1.93 1.46 1.32 1.44 
Glyma18g17570 Unknown 0.97 1.20 1.45 1.18 
Glyma18g45220 GRAS family 
transcription factor  
3.17 3.89 4.09 4.04 
Glyma18g13520 Unknown 1.28 0.96 0.97 1.04 
Glyma18g45950 Unknown 1.37 1.02 1.01 1.18 
Glyma18g11750 Unknown 1.59 0.87 1.05 1.21 
Glyma18g41150 Unknown 0.71 0.76 1.28 0.66 
Glyma18g01670 Sphere organelles 
protein-related  
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family protein  
2.17 1.80 1.50 1.64 
Glyma18g16390 Homeobox 1  1.74 2.06 2.50 2.13 
Glyma18g51070 O-fucosyltransferase 
family protein  
1.54 1.10 1.25 1.30 
Glyma18g42050 Werner syndrome-
like exonuclease  
1.38 1.00 0.96 0.99 
Glyma18g10410 Unknown 2.61 1.88 1.61 2.06 
Glyma18g39520 Homeodomain-like 
superfamily protein  
0.99 1.26 1.31 1.23 
Glyma18g18980 Polygalacturonase 2  1.71 2.57 2.40 2.40 
Glyma18g02090 Unknown 1.16 1.68 1.42 1.34 
Glyma18g18840 Unknown 1.88 1.43 1.52 1.49 
Glyma18g40420 Unknown 0.84 1.39 1.26 0.84 
Glyma18g12390 Citrate synthase 2  1.70 2.26 2.32 1.99 
Glyma18g46480 Myb domain protein 
17  
1.77 1.21 1.30 1.27 
Glyma18g36330 F-box and associated 
interaction domains-
containing protein  
0.90 1.47 1.24 1.10 
Glyma19g43220 Unknown 1.42 1.03 0.98 0.90 
Glyma19g05340 Unknown 1.14 0.71 0.81 1.09 
Glyma19g02650 GAST1 protein 
homolog 4  
4.47 6.98 5.70 5.93 
Glyma19g03210 Unknown 1.40 1.89 1.83 1.72 
Glyma19g44900 Unknown 1.61 2.27 2.11 2.01 
Glyma19g23670 Unknown 2.88 2.08 2.21 2.35 
Glyma19g27850 Glutathione S-
transferase THETA 3  
1.51 1.07 1.02 1.10 
Glyma19g37770 KCBP-interacting 
protein kinase  
1.55 1.99 2.05 1.82 
Glyma19g27060 Senescence-related 
gene 3  
1.59 2.29 2.09 1.86 
Glyma19g01870 GDSL-like 
Lipase/Acylhydrolase 
superfamily protein  
1.53 1.14 1.17 1.30 
Glyma19g39350 Unknown 2.02 1.52 1.41 1.67 
Glyma19g09490 Unknown 1.41 1.12 0.89 1.19 
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Glyma19g38440 Unknown 1.22 1.83 1.60 1.47 
Glyma19g07710 Unknown 1.26 0.95 0.84 1.06 
Glyma19g28820 Unknown 1.70 2.18 2.25 2.07 
Glyma19g11020 Unknown 1.35 1.82 2.19 1.62 
Glyma19g04570 UDP-glucosyl 
transferase 85A7  
2.09 1.43 1.46 1.42 
Glyma19g30660 Major facilitator 
superfamily 
protein  















2.72 1.71 1.70 1.84 
Glyma20g02620 Unknown 1.43 1.91 2.31 1.91 
Glyma20g16010 Unknown 1.62 1.18 1.09 1.44 
Glyma20g32330 Unknown 1.69 1.48 1.19 1.35 
Glyma20g12100 Unknown 3.41 4.29 4.36 4.15 
Glyma20g17580 Unknown 0.58 1.05 0.71 0.74 
Glyma20g39270 Unknown 1.49 2.12 1.97 1.87 
Glyma20g06180 Unknown 1.05 1.49 1.53 1.23 








1.35 1.75 1.90 1.48 
Glyma20g03150 Unknown 1.10 0.79 0.77 0.87 
Glyma20g06130 Unknown 1.44 1.17 0.80 1.02 
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Glyma20g03740 Unknown 0.73 1.07 0.94 0.81 
Glyma0103s00280 Unknown 1.09 2.01 2.50 2.10 





1.26 1.55 1.81 1.36 
Glyma0712s00200 Disease 
resistance family 
protein / LRR 
family protein  





2.30 3.10 3.23 2.84 















Supplemental table 2.6: Analysis of variance of transcript levels for an argonaute 1a (Ago1a), 
argonaute 1b (Ago1b), a basic helix-loop-helix transcription factor (bHLH), Cyclops (Cyclops), 
an iron vacuolar transport gene (FeVT), a glutathione S-transferase (GST1), a mechano-sensitive 
ion channel (IC), low-temperature salt-responsive gene (LTSR), a major facilitator gene 
(MFac2), non-yellowing 1 (NY1), pathogenesis-related 1 (PR1), and a WRKY70 transcription 
factor (WRKY70) in soybean, Glycine max (L.) Merr., cvs. Clark and Manokin leaves and roots 















Model 95 2355.2640 24.7923 245.3767 <0.0001
*1
 0.987789 
Error 192 19.3992 0.1010    
Total 287 2374.6632     
Effect tests       
Cultivar 1 7.64731  75.6878 <0.0001
*
  





1 22.73065  224.9724 <0.0001
*  
Tissue 1 179.59863  1777.544 <0.0001
*
  









1 20.53871  203.2781 <0.0001
*
  
Gene 11 345.15101  310.5517 <0.0001
*
  










11 196.27253  176.5974 <0.0001
*  
Tissue by gene 11 396.93923  357.1484 <0.0001
*  
Cultivar by tissue 
by gene 
11 198.33573  178.4537 <0.0001
*  
Treatment by 
tissue by gene 




tissue by gene 
11 186.26987  167.5974 <0.0001
*  

















Chapter 3: Physiological measures and plant grafting identify rootstock as the primary 
















Salt stress is an increasing problem in agriculture worldwide that results in yield loss due 
to plant damage (Tanji, 2002). Plants have diverse ways of dealing with salt stress and as a result 
vary by species and growing environment in their ability to deal with salts. Mechanisms for salt 
tolerance can also vary widely among plants, with different species using a combination of 
strategies to varying degrees of success. Salt tolerance mechanisms fit into two broad categories, 
either minimizing the entry of salt into the plant or minimizing the concentration of free salt in 
cells by sequestration (Munns, 2002). One way that plants can minimize entry of salt is to 
exclude salts from foliar tissue by selective salt uptake by root cells. This form of salt tolerance 
can be found in a range of plant families, including legumes (Ashraf et al., 1986), citrus (Walker 
et al., 1984), and quinoa (Adolf et al., 2013). In concert with the exclusion strategy, some plants 
exhibit reduced xylem loading or removal of salts from the xylem as they are carried though the 
vascular system. Removed salts are generally compartmentalized in vacuoles or excreted by the 
plant. Halophytes use both exclusion and ion sequestration whereas less tolerant species use one 
mechanism or the other. Salt damage can be due to two-factors, osmotic stress and toxicity from 
the ions. Surprisingly, roots are generally more tolerant of salts though little is known about the 
exact mechanisms (Munns, 2002). Foliar tissue is generally more sensitive to salt stress than the 
roots and older leaves are more afflicted as salt ions accumulate over time. Several different 
methods have been used to determine salt tolerance, including biomass reduction or plant 
survival (Greenway and Munns, 1980).  
In soybean, Glycine max (L.) Merr., genotypes vary widely in their tolerance to high salt 
conditions. Some genotypes, called chloride excluders, are able to partially exclude salts from 
the foliar tissue using an unidentified mechanism and as a result these plants show enhanced salt 
tolerance. Those plants that cannot exclude salts from foliar tissues are referred to as chloride 
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includers and are salt sensitive (Abel, 1969). In most modern US soybean cultivars that are salt-
tolerant, the trait is inherited from an introduction called S-100. In a search for quantitative trait 
loci (QTL) associated with salt tolerance, a single marker was found in S-100 that had a strong 
association with the trait (Lee et al., 2004), and this same QTL was identified in almost all salt-
tolerant cultivars grown in the US, though several additional salt-tolerance QTLs have been 
reported in US soybeans (Hamwieh et al., 2011; Lee et al., 2009; Tuyen et al., 2010). In this 
study, several physiological measures are used to determine the reaction of soybeans that differ 
in chloride uptake and, as a result, salt sensitivity.  
Non-invasive sensing has long been used to quantify differences between plant genotypes 
and determine the “best” cultivar or trait. For example, the best management practices for 
Meloidogyne incognita (Kofoid and White) Chitwood in cotton fields in Southeast Arkansas 
have been adapted to include mapping the soil type in a field in order to specify problem areas 
that require additional chemical treatment (Monfort et al., 2007). With the goal of elucidating 
responses to salt stress in soybean, several non-invasive sensing techniques were used to 
compare chloride-includer and –excluder cultivars.  
Measuring the electrical conductivity of soil is a quick and simple way to determine the 
amount of free ions in the soil (Metternicht and Zinck, 2003). By starting with an inert substrate, 
such as sand, an increase in EC readings directly corresponds to accumulated salts. Thus, we 
used EC readings as a means to determine salt levels in experimental soils.  
Several studies have shown that salt stress alters chlorophyll content in cucumber 
(Yildirim et al., 2008) and soybean (Kao et al., 2003), though only a single time point was used 
for the reading in these studies and little is known about how chlorophyll levels are affected by 
salt stress over time. 
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It has long been known that salt stress reduces the rate of photosynthesis in many plants 
including chickpea, Cicer arietinum L. (Soussi et al., 1998), common bean (Phaseolus vulgaris 
L.), cotton (Gossypium hirsutum L.; Brugnoli and Lauteri, 1991), and English pea (Pisum 
sativum L.; Velitchkova and Fedina, 1998), as well as wild and cultivated soybeans (Kao et al., 
2003; Kao et al., 2006; Lu et al., 2009). Photosynthetic responses to CO2 concentrations have 
been used as a measure of salt stress in olive, Olea europaea L., (Bongi and Loreto, 1989) and 
spinach, Spinacia oleracea L. (Downton et al., 1985), whereas light-response curves have been 
used to a much lesser degree. An important enzyme that is often measured to determine the rate 
of photosynthesis is ribulose-1,5-bisphosphate carboxylase/oxygenase, or Rubisco. Rubisco is 
utilized in the first step in the conversion of CO2 into sugars through photosynthesis (Anderson 
and Backlund, 2008). In spinach, exposure to salt stress for longer than 20 days reduced Rubisco 
activity in leaves and resulted in a lower rate of photosynthesis (Delfine et al., 1998). In G. max 
cultivar ZH13 and G. soja accession BB52, salt stress reduced initial Rubisco activity as seen by 
extraction of Rubisco from treated leaves (Chen et al., 2013). However, Rubisco activity can be 
measured non-invasively using a response curve to increasing concentrations of CO2 (Manter 
and Kerrigan, 2004). 
 Various phenotypic salt damage rating scales have been reported (Lee et al., 2004; Lee et 
al., 2009), and the scales were based on either estimated percent leaf chlorosis (Lee et al., 2004) 
or average leaf scorch area (Lee et al., 2009). As chlorosis can become systemic prior to leaf 
scorch and leaf scorch may vary widely within the same trifoliate leaf, these rating scales are 
unwieldy and could vary depending on the rater. 
Grafting is a technique that has long been used in agriculture to develop plants with 
improved growth characteristics (Mudge et al., 2009). It is an invaluable tool for determining and 
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conferring rootstock- or scion-based disease resistance or other agronomical traits. In soybean, 
grafting has been used to assess disease resistance (Vuong and Hartman, 2003), glyphosate 
resistance (Jiang et al., 2013), Rhizobium-induced nodulation and nitrogen fixation (Abd-Alla et 
al., 1998; Cho and Harper, 1991; Delves et al., 1986) and salt stress (Abd-alla et al., 1998; 
Grattan and Maas, 1985). In the case of salt stress, there are conflicting reports citing either foliar 
(Abd-alla et al., 1998) or root tissue (Grattan and Maas, 1985) as being responsible for salt 
tolerance in soybean. As such, verification is needed to identify the tissue responsible for salt 
tolerance in soybean. 
In this study we seek to develop non-invasive sensing tools to aid in the demarcation of 
damage between salt-sensitive and salt-tolerant soybean cultivars to help understand the 
physiological response of soybeans to salt stress. We use these tools to answer a pertinent 
biological question: Which tissue in soybean is responsible for salt tolerance in soybean?  
 
Materials and methods 
Treatment 
Soybean cultivars Clark (Cl
-
 includer) and Manokin (Cl
-
 excluder) were pre-germinated 
on filter paper and one plant per pot transplanted into a 10.2- by 10.2- by 8.9-cm square plastic 
pot containing pasteurized river sand. Plants were grown in a greenhouse under 16 h days, with 
supplemental lights as needed, with an average temperature of 22-26 °C and an average night 
temperature of 18-20 °C. Upon reaching the V1 growth stage (McWilliams et al., 1999), which is 
defined as having the first fully emerged trifoliate, the soybeans were subjected to partial 
flooding for 2 h daily with 2 L of either de-ionized H2O or 100 mM NaCl solution poured into 
the bottom of the tray. All treatments occurred within the same 54- by 28-cm tray with 0.5x 
MiracleGro
®
 All Purpose Fertilizer (24N-8P-16K, with urea as nitrogen source) added to each 
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treatment every other day. The experiment consisted of three plants per cultivar per treatment 
with a single plant per pot arranged as a completely randomized factorial design and the 
experiment repeated four times. To test how other soybean lines react to salt stress, five 
additional Cl
-
 excluder (Lee 68, Lee 74, Osage, S-100, and UA4805) and five Cl
-
 includer 
cultivars (Arksoy, Dare, Glenn, MiniMax, and Williams 82) were treated as described above 
with three plants per cultivar and per treatment.  
 
Soybean grafting 
To determine the role of foliar and root tissue in soybean salt tolerance, reciprocal 
grafting was utilized. Soybean cultivars Glenn, Cl
-
 includer and salt-sensitive, and Osage, Cl- 
excluder and salt-tolerant, were directly seeded into pasteurized river sand. After 1 week, when 
plants are at the V0 stage, cotyledon tissue with part of the stem was excised with a sterile razor 
blade and V-grafted onto another rootstock as described (Bezdicek et al., 1972). Grafts were 
prepared with foliar tissue of Glenn or Osage as the scion, onto Glenn or Osage as rootstock, in 
all combinations. The grafts were held in place with a trimmed plastic straw cut laterally and 
held in place with a small rubber band (Figure 3.2a). After the graft union healed (Figure 3.2b) 
the soybeans were subjected to salt treatment as before along with un-grafted soybeans of the 
same age using at least four plants per cultivar-grafting-treatment combination and the 




To determine the impact of the daily treatments on soil EC, an initial EC reading and an 
EC reading at the end of the experiment were taken using a FieldScout direct EC probe 
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(Spectrum Technologies; Aurora, IL). Briefly, the EC probe was inserted into the sand 
immediately after treatment floods were drained and three measurements taken and averaged for 
two experimental replicates.  
 
Photosynthesis 
A Li-Cor 6400 CO2 gas exchange monitor was used to measure rates of photosynthesis 
(Li-Cor; Lincoln, NE). Measurements were taken on fully expanded leaves prior to the 
appearance of salt damage on the first trifoliate (ca. 7 days of treatment). The instrument was 
calibrated according to the manufacturer’s recommendations and used the following settings: 
reference CO2, 400 µmol CO2 mol
-1





; measurements were taken when stability status was 3/3 for 30 sec. The rate of 
photosynthesis was measured for all excluder and includer cultivars and grafted soybeans.  
To examine the quantum efficiency of CO2 utilization and total CO2 assimilated, a CO2 





light PAR-in and the following CO2 concentrations: 50, 100, 200, 300, 400, and 500 µmol 
CO2 mol
-1
. The initial slope was calculated using the photosynthetic values for 50 and 100 µmol 
CO2 mol
-1
. To determine the efficiency of light utilization in photosynthesis, a light response 
curve was performed using a Li-Cor 6400 CO2 gas exchange monitor set to 400 µmol CO2 mol
-1
 




. The initial slope was 







To measure the chlorophyll content of treated soybean leaves, readings were taken daily 
with a SPAD meter (Spectrum Technologies). Three readings per plant on the same leaf were 
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recorded and averaged to obtain a SPAD value for the plant. The SPAD values were then 
normalized to the average value of the H2O control plants for their respective cultivar for each 
day.  
 
Salt damage rating 
 To assess the damage to soybeans caused by salt stress in Clark and Manokin, a rating 
scale was developed. Briefly, soybeans rated as one had no visible salt damage; for a rating of 
two, soybean leaves had slight margin necrosis and chlorosis; for a rating of three, soybean 
leaves had extensive necrosis along the leaf margins; for a rating of four, soybean leafs had 
extensive margin necrosis that extended to the interior of the leaf; for a rating of five, the 
soybean leaf had extensive margin and leaf necrosis that extended far into the leaf interior but 
some non-scorched material remained; and for a rating of six, leaves were fully necrotic and no 





 includer cultivars as well as the grafted soybeans. For the grafted soybeans, two 
individuals rated the soybeans separately and the average salt damage rating was used.  
 
Statistical analyses 
For soil EC measurements (Supplemental table 3.1), rate of photosynthesis 
(Supplemental tables 3.2-4), and the initial slopes for the CO2 (Supplemental table 3.5) and light 
(Supplemental table 3.6) response curves, data were analyzed as a full factorial using the Tukey-
Kramer Honestly Significant Differences test to determine statistical significance. For the CO2- 
and light-response curves (Supplemental tables 3.7 and 8 respectively), the data were analyzed as 
a Generalized Linear Model using a Poisson distribution and log-transformed data (McCulloch, 
2003). For the chlorophyll readings, all data were analyzed using MANOVA for repeated 
154 
 
measures as measurements were taken on multiple days for the same leaves (Supplemental table 
3.9). For the salt damage rating scales (Supplemental tables 3.10-12), all data were analyzed 
using a nonparamentric comparison for each pair using the Steel-Dwass method (Critchlow and 
Fligner, 1990). All statistical tests were done in JMP
®




To verify that flooding treatments were altering the growing conditions for experimental plants, 
soil EC was measured in salt- and water-treated pots containing soybean cultivars. This is a 
simple, rapid, and non-destructive method to determine soil conditions impacted by salts. Sand 
used for growing both cv. Clark and cv. Manokin soybeans accumulated an average soil EC of 
4.5 to 5.0 dS/m in pots treated with 100 mM NaCl, which was significantly higher than the 
average accumulated EC for H2O-treated soybeans, about 0.5 dS/m (Figure 3.3). This expected 
result confirmed the environmental conditions found in soybean treatments with 100 mM NaCl 
or H2O, and strongly suggested that any observed differences were due to salt stress. There were 
no significant differences in soil EC readings between Clark and Manokin soybeans within 
treatment type.  
 
Photosynthesis 
As differing rates of photosynthesis between salt-sensitive G. max and salt-tolerant G. 
soja have been previously reported (Chen et al., 2013), we determined the rates of 
photosynthesis in treated and untreated soybeans that differ in chloride uptake. Treatment of 
soybeans with 100 mM NaCl significantly reduced relative rates of photosynthesis, compared to 
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the H2O treatments, in both the chloride-includer cv. Clark and chloride-excluder cv. Manokin 
(Figure 3.4). However, in cv. Clark the relative rate of photosynthesis was reduced significantly 
more than in Manokin in response to 100 mM NaCl. To account for inherent differences in the 
photosynthetic rates between cultivars, rates of photosynthesis were normalized against the 
average values for the H2O-treated soybeans for the respective cultivars. Among multiple 
cultivars tested, a similar trend was observed with salt treatment leading to the lowest levels of 
photosynthetic rates in chloride includers, though rates differed by cultivar (Figure 3.5). All 
chloride excluders had higher relative rates of photosynthesis than chloride includers following 
salt treatments. The line UA4805 (excluder) had the least reduction in the relative rate of 
photosynthesis due to salt stress, followed in descending order by the mean rate of 
photosynthesis, by Osage (excluder), Lee 68 (excluder), Lee 74 (excluder), Manokin (excluder), 
S-100 (excluder), Dare (includer), MiniMax (includer), Williams 82 (includer), Arksoy 
(includer), Glenn (includer), and Clark (includer). The salt-induced relative photosynthetic rate 
in S-100 was not statistically different from that in one chloride includer, cv. Dare, but all other 
chloride excluder cultivars had significantly higher photosynthetic rates than the chloride 
includer cultivars.  
 
Rubisco activity 
As soybean chloride excluders differed from chloride includers in photosynthetic rates 
following salt treatment, the level of Rubisco activity was measured using a CO2-response curve 
to increasing concentrations of CO2. The initial slope of the CO2-response photosynthetic curve 
is a direct indicator of the maximum Rubisco carboxylation rate in the leaf. Clark and Manokin 
soybean cultivars under salt stress both exhibited significantly lower rates of photosynthesis to 
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varying CO2 concentrations than control soybeans treated with H2O (Figure 3.7). However, as 
measured by the slope of the photosynthetic rates in response to changing CO2 concentrations, 
Clark and Manokin were not significantly different in their responses to 100 mM NaCl 
(p=0.3682). The difference in photosynthetic rates between H2O- and 100 mM NaCl-treated 
soybeans was significant (p<0.0001) but the interaction of cultivar and treatment was not 
(p=0.2398). The average initial slope for Clark soybeans treated with H2O was 0.066 whereas 
100 mM NaCl-treated Clark soybeans was 0.013 (Table 3.1). In H2O-treated cv. Manokin 
soybeans the average initial slope was 0.064 and was 0.021 in 100 mM NaCl treated soybeans. 
The initial slope in H2O- treated soybeans was higher than in 100 mM NaCl-treated soybeans 
(p<0.0001); however, there was no difference in initial slope between cultivars (p=0.7498) nor 
was there an interaction between the cultivar and treatment (p=0.3303). These results show that 
the carboxylation efficiency of Rubisco was decreased by salt treatment in both cultivars, and to 
a numerically lower but statistically insignificant level in cv. Clark than in cv. Manokin. 
 
Quantum efficiency of CO2 uptake 
Because there was no difference in the efficiency of salt responsive Rubisco activity 
between cultivars, we measured the quantum efficiency of CO2 uptake from the environment in 
response to different levels of light (Figure 3.8). Although cvs. Clark and Manokin had a similar 
CO2-response rates when subjected to salt stress, the light-response curves revealed drastic 
differences in photosynthetic light utilization between cultivars. The cv. Manokin was more 
efficient at taking up CO2 from the environment than Clark. Analyzing light response curves as a 
Generalized Linear Model (McCulloch, 2003), the photosynthetic rates were significantly higher 
in Manokin than Clark (p<0.0001) as was the photosynthetic rate in H2O-treated soybeans 
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compared to 100 mM NaCl-treated soybeans (p<0.0001). H2O-treated Manokin soybeans had the 
highest rate of CO2 uptake followed by 100 mM NaCl-treated Manokin soybeans, H2O-treated 
Clark soybeans, and 100 mM NaCl-treated Clark plants in descending order (p<0.0001). The 
Clark soybeans treated with H2O had an average slope of 0.0216 whereas the 100 mM NaCl-
treated soybeans had an average slope of 0.0026 (Table 3.1). The differences in initial slope 
between cultivars was significant (p<0.0001) showing that Manokin uptakes more CO2 than 
Clark under ambient conditions. Salt treatment reduced the quantum efficiency of CO2 uptake in 
both Clark and Manokin (p<0.0001); however, the reduction in CO2 uptake was greater in Clark 
than Manokin (p=0.003). These results, combined with the efficiency of Rubisco activity results, 
show that although Rubisco efficiency is decreased in both cvs. Clark and Manokin in response 
to salt stress, Manokin uptakes more CO2 from the environment than Clark under saline 
conditions. Although photosynthesis is negatively impacted in both cultivars, the cv. Manokin 
maintained higher rates of photosynthesis in salt treated plants. Even though chloride excluders 
accumulate less salt ions in foliar tissues than chloride includers, it is possible that they also 
utilize mechanisms other than ion exclusion, which might include improved stomatal control and 




As the rate of photosynthesis was lowered by salt stress and leaf chlorosis can be a 
symptom of salt stress, we investigated the effect of salt on chlorophyll content to better 
characterize its negative impact on soybean. Daily treatment with 100 mM NaCl reduced 
chlorophyll levels in cv. Clark significantly after day 8 of treatment (p-value < 0.0001), whereas 
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chlorophyll levels in cv. Manokin were not reduced with salt treatment (Figure 3.9). When 
combining these data with the reduction in photosynthesis due to salt stress in both cultivars, the 
significant reduction in chlorophyll levels in cv. Clark leaves may account for the reduced uptake 
of CO2 from the environment. The chlorophyll levels in soybean leaves are linked to the CO2 
uptake from the environment and thereby photosynthetic rate (Buttery and Buzzell, 1977). 
 
Salt damage rating 
A key component of any screening technique is the demarcation of the trait being studied. 
Previous studies on salt stress in soybean have used their own rating scales; however, these 
rating scales are based on highly variable aspects like chlorosis (Lee et al., 2004) or leaf scorch 
area (Lee et al., 2009). These scales also do not take into account the variability in symptom 
expression and the timing of expression. To that end we developed a rating scale based on the 
progression of salt damage symptoms in soybean. Soybean chloride-includer cultivars responded 
to long-term salt stress with severe leaf damage and plant death, whereas chloride excluders had 
far less phenotypic damage. Typical salt damage symptoms in soybean include stunting, 
chlorosis, necrosis along leaf margins, total leaf necrosis, and eventually plant death. In cv. 
Clark, treatment with 100 mM NaCl often lead to plant death while Manokin was able to 
withstand salt treatment with significantly less damage (Figure 3.10). This translated to 
consistently higher salt-damage visual ratings in Clark than in Manokin treated with 100 mM 
NaCl (p<0.0001; Figure 3.11). To confirm the role of chloride exclusion in the observed salt 
damage ratings, multiple other soybean cultivars with known include or excluder genotypes were 
rated for salt damage phenotypes. The salt damage ratings were not significantly different within 
treatment types of either H2O or NaCl, between excluder cultivars or between includer cultivars 
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(Figure 3.12). However, differences in salt damage ratings between excluders and includers 
under salt stress confirm the results observed with Clark and Manokin (p<0.0001). Although 
excluders are more tolerant of salt they do suffer some negative effects, as treatment increased 
damage in both chloride excluders and includers compared to H2O treated soybeans (p<0.0001 
and p<0.0001, respectively). 
 
Grafted plants 
After developing and validating the non-invasive sensing tools using several salt-
sensitive and salt-tolerant cultivars, we utilized grafted plants to determine whether rootstock or 
foliar tissue in soybean has the greatest impact on conferring salt tolerance. We chose to use the 
chloride excluder cv. Osage and chloride includer cv. Glenn in a reciprocal grafting experiment. 
All scions, regardless of genotype, grafted onto the chloride includer cv. Glenn rootstock, 
showed visible symptoms and physiological impacts consistent with salt sensitivity. Such plants 
had a significantly reduced rate of relative photosynthesis compared to both H2O treated plants, 
and all scion tissue grafted onto the chloride excluder cv. Osage rootstock (Figure 3.6). Likewise, 
the rootstock source was the determining factor in visible salt damage with all tissue grafted onto 
the salt-sensitive Glenn rootstock having the highest damage ratings under salt stress, compared 
to the H2O-treated soybeans on the same rootstock (p=0.0042; Figure 3.13). The salt damage 
rating was not significantly higher in salt-treated tissue on the salt-tolerant Osage rootstock 
compared to the H2O-treated tissue on the same rootstock (p=0.1195); however, scion tissue on 
Glenn rootstock had more salt damage than scion tissue on Osage rootstock that had been treated 
with 100 mM NaCl (p=0.0021). Grafting had no effect on salt damage ratings as demonstrated 
by comparisons between intact and self-grafted plants, (p=0.2079), showing that the differences 
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seen were a direct result of the rootstock controlling salt sensitivity. These results clearly show 
that the rootstock in soybean cultivars descended from S-100 has direct control over the response 
to salt stress and validates the use of the photosynthetic rate to study salt stress in soybean. 
 
Discussion 
Photosynthesis is a fundamental contributor to primary metabolism in plants. The rate at 
which photosynthetic reactions occur can also be a strong indicator of the total physiological 
performance of a plant. A non-destructive measurement of CO2 utilization, under ambient 
conditions and in response to altered light and CO2 concentrations, demonstrated that soybean 
plants subjected to high-salt conditions have reduced photosynthetic capacity. The decrease in 
photosynthesis in response to salt stress is not a newly recorded phenomenon. Previous studies 
have shown this in chickpea (Soussi et al., 1998), common bean, cotton (Brugnoli and Lauteri, 
1991), English pea (Velitchkova and Fedina, 1998), olive (Bongi and Loreto, 1989), spinach 
(Downton et al., 1985), as well as wild and cultivated soybeans (Kao et al., 2003; Kao et al., 
2006; Lu et al., 2009). However, the soybean cultivars tested in this study have not been 
previously measured. Furthermore, there have been few reports of a direct comparison of G. max 
chloride excluders and includers. In all cases salt stress reduced the rate of photosynthesis 
regardless of the level of visible salt tolerance. The results reported here confirm that genotypes 
that are more salt-tolerant still have a reduction in photosynthetic rate though the rate is higher 
than that of salt-sensitive cultivars. This finding has important implications for soybean growers, 
because even though the effects of salt damage might not be visible, plants can still suffer from 
the negative impacts of high-salt conditions.  
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The results from the CO2 and light response curves help shed light on both the overall 
reduction in the photosynthetic rate as well as the higher photosynthesis rate in more salt-tolerant 
soybeans. The initial slope of the CO2 response curve shows the carboxylation efficiency of 
Rubisco, or the Rubisco activity, while the initial slope of the light response curve shows the 
quantum efficiency of CO2 uptake. Salt stress from 100 mM NaCl reduced the Rubisco activity 
in both cultivars. However, Manokin was still able to uptake more CO2 under 100 mM NaCl 
stress at varying light levels than Clark, explaining why both cultivars had a reduction in the rate 
of photosynthesis and why Clark has a lower rate than Manokin. It was also surprising to note 
that Manokin demonstrated higher quantum efficiency of CO2 uptake than Clark under H2O 
treatment even though Rubisco activity was not different.  
The published work describing impacts of high-salt conditions on leaf chlorophyll 
content is equivocal. Yildirim et al. (2008) reported that salt stress in cucumber caused a 
decrease in chlorophyll content. Additionally, salt stress reduced chlorophyll levels in soybean 
reported by Kao et al. (2003) whereas Cicek and Cakirlar (2008) reported an increase in 
chlorophyll levels in some cultivars under various salt levels. Lenis et al. (2011) reported that 
salt-tolerant Glycine asscessions had higher chlorophyll readings at all salt levels tested whereas 
salt-sensitive asscessions had decreased chlorophyll levels. However, for these studies 
chlorophyll levels were only measured at one or two time points and the sustained effect of salt 
stress on chlorophyll levels has not previously been reported. In this study we show that 
chlorophyll levels are reduced by salt stress with 100 mM NaCl in a salt-sensitive cultivar, Clark, 
but not a salt-tolerant cultivar, Manokin, after 8 days of treatment. This reduction in chlorophyll 
levels in Clark could possibly explain the lower uptake of CO2 under salt stress. Previous reports 
of soybeans have shown a correlation between chlorophyll levels and CO2 uptake and the impact 
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of that uptake on the rate of photosynthesis (Buttery and Buzzell, 1977). The reduction in 
chlorophyll levels in Clark but not Manokin under salt stress helps explain the difference in CO2 
uptake between the two cultivars under salt stress. These results agree with previous studies on 
salt stress in soybeans, particularly when comparing the reaction of a salt-sensitive soybean and a 
salt-tolerant wild soybean (Chen et al., 2013). 
Although measuring chlorophyll levels using a SPAD meter showed clear differences at 
an early stage the differences were not statistically significant until day 8 which reduces the 
utility of this tool for determining salt sensitivity under these experimental conditions, as by this 
time point the unifoliate leaves had already begun to show visible salt damage. However, at sub-
lethal levels of salts that might be encountered in the field, SPAD measurement of chlorophyll 
might still be a rapid and useful tool to assess subtle changes in plant conditions. Both the rate of 
photosynthesis and the salt damage rating scale proved useful in differentiating between salt-
sensitive and -tolerant soybeans. The salt damage rating scale developed for this study was 
consistent between different individual raters and was able to differentiate between salt damage 
among the soybean cultivars tested. Soybean chloride excluders consistently showed less salt 
damage than chloride includers which have severe salt damage.  
Not surprisingly, the soil EC of salt-treated pots increased to a much higher level than 
water-treated pots after daily flooding. As sand treated with 100 mM NaCl increased electrical 
conductivity to the level of salt afflicted soil in the field, i.e., an EC of greater than 5.0 dS/m 
(Tanji, 2002), this method for screening salt responses in soybeans is a realistic representation of 
field soil conditions and showed clear results.  
With conflicting reports on the tissue responsible for salt tolerance in soybean in mind 
(Adb-Alla et al., 1998; Grattan and Maas, 1985), we investigated the potential roles of foliar 
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tissue and roots using reciprocal grafting and measured differences using non-destructive sensing 
techniques. In this study, we showed by both a physiological measure, i.e., the rate of 
photosynthesis, and visible plant damage that the root tissue is largely responsible for salt 
tolerance in the cultivars tested. The salt-tolerant cultivar that we used in our study contains the 
salt tolerance QTL from S-100 (Lee et al., 2004). This was also the case for the soybean cultivars 
used by Grattan and Maas (1985), cvs. Lee and Lee 74. It is possible that the salt-tolerant 
soybean used in Abd-Alla et al., PI 416937, does not have the QTL from S-100 as this has never 
been verified, and that a different mechanism of salt tolerance is present, which is likely given 
that the parentage is unknown (Panalone et al., 1999). Another possibility is that the observed 
salt tolerance was due to the enhanced drought tolerance, which has been reported in PI 416937 
before (Sadok and Sinclair, 2010), or tolerance to cations, as previously reported for aluminum 
(Bianchi-Hall et al., 1998). Given that salt stress causes osmotic stress similar to drought stress 
(Munns, 2002), it is possible that the drought tolerance in PI 416937 is indirectly responsible for 
the improved salt tolerance seen on foliar tissue grafted onto a chloride includer, Williams 82, 
rootstock.  
The grafting experiment results suggest that salt-tolerant soybeans descended from S-100 
utilize at least one mechanism for salt tolerance, chloride exclusion, similar to other plants such 
as quinoa (Adolf et al., 2013). With this confirmation and the previous results (Chapter 2), future 
studies on the genetics and mechanisms for salt tolerance in soybean should focus on salt 
exclusion mechanisms active in roots. With the inferred Rubisco activity, indicated by the CO2-
response curve, being lowered equally in cvs Clark and Manokin and the differences in quantum 
efficiency of CO2 uptake between cvs. Clark and Manokin under salt stress, chloride exclusion 
alone might not fully explain these results. As such, we propose that salt-tolerant soybeans 
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descended from S-100 may utilize an additional mechanism for salt tolerance, such as stomatal 
control that may be coupled with increased water use efficiency or increased reactive oxygen 
species scavenging. Previous work by Chen et al. (2013) suggested that the increased 
photosynthetic rate under salt stress for salt-tolerant G. soja BB52 was due to improved stomatal 
control compared to salt sensitive G. max, so it is entirely possible that this could be the case in 
salt-tolerant G. max cultivars. In quinoa, this mechanism results in significantly higher rates of 
photosynthesis even under salt stress compared to salt-sensitive genotypes (Adolf et al., 2012). 
Likewise, Cicek and Cakirlar (2008) showed that soybeans can differ in photosynthetic rate 
under salt stress. It is possible that improved photosynthesis in salt-stressed, salt-tolerant 
soybeans may represent an additional mechanism for salt tolerance, though further work is 
required to fully characterize this phenomenon.  
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Table 3.1: Average initial slope for the CO2 and light response curves as measured with a Li-Cor 
6400 CO2 gas exchange monitor in soybeans, Glycine max (L.) Merr. cultivars Clark and 
Manokin treated with H2O or 100 mM NaCl for 8 days. 




Clark NaCl 0.013b 0.0026d 
Manokin H2O 0.064a 0.0616a 
Manokin NaCl 0.021b 0.0487b 













Figure 3.1: Salt damage rating scale for salt stress in soybean, Glycine max (L.) Merr., using the 
following guide: Rating scale: 1= no salt damage (a); 2= slight necrosis along leaf margin and 
chlorosis (b); 3= extensive leaf margin necrosis (c); 4= extensive margin necrosis with necrosis 
partially extending into the leaf interior (d); 5= extensive margin and leaf interior necrosis not 





Figure 3.2: Method for grafting soybean, Glycine max (L.) Merr., cultivars Glenn and Osage at 
the cotyledon stage using a v-graft, a 1.5 cm plastic straw cut laterally, and a rubber band (A). 





Figure 3.3: Soil electrical conductivity readings for pasteurized river sand after 14 days of 
treatment with 100 mM NaCl or H2O with soybean, Glycine max (L.) Merr., cultivars Clark and 
Manokin. Samples with different letters are statistically different (P<0.05; n=6); error bar 




Figure 3.4: The rate of photosynthesis in soybean, Glycine max (L.) Merr., cultivars Clark, salt-
sensitive, and Manokin, salt-tolerant, normalized back to the average photosynthetic rate for the 
respective cultivar. Soybeans were treated with either H2O or 100 mM NaCl. Samples with 
different letters are statistically different (P<0.05); n=12 samples from four experiments with 





Figure 3.5: The rate of photosynthesis in soybean, Glycine max (L.) Merr., in cultivars treated 
with either H2O or 100 mM NaCl that partially exclude chloride and other ions from the leaves 
and are more salt-tolerant and cultivars where chloride is found in all tissues and are salt-
sensitive . Salt-tolerant cultivars are Lee 68, Lee 74, Manokin, Osage, S-100, UA4805 and salt-
sensitive cultivars are Arksoy, Clark, Dare, Glenn, MiniMax, Williams 82, The rate of 
photosynthesis normalized to the average photosynthetic rate for the respective cultivar treated 
with H2O. Samples with different letters are statistically different (P<0.05); n=3 samples from 






Figure 3.6: The rate of photosynthesis in soybean, Glycine max (L.) Merr., cultivars Glenn, salt-
sensitive, and Osage, salt-tolerant, which have been back grafted or reciprocal grafted and have 
been normalized back to the average photosynthetic rate for the respective cultivar and graft 
combination. Soybeans were treated with either H2O or 100 mM NaCl. Samples with different 
letters are statistically different (P<0.05); n=3 samples from one experiment with three biological 





Figure 3.7: The rate of photosynthesis for a CO2 response curve in soybean, Glycine max (L.) 
Merr., cultivars Clark, salt-sensitive, and Manokin, salt-tolerant, with increasing concentrations 
of CO2 (50, 100, 200, 300, 400, and 500 µmol CO2 mol
-1
) to determine the efficiency of 
carboxylation in Rubisco. Soybeans were treated with either H2O or 100 mM NaCl. n=3 samples 




Figure 3.8: The rate of photosynthesis for a light-response curve in soybean, Glycine max (L.) 
Merr., cultivars Clark, salt-sensitive, and Manokin, salt-tolerant, with increasing PAR in values 




) to determine the quantum efficiency of CO2 
utilization. Soybeans were treated with either H2O or 100 mM NaCl. n=3 samples from one 





Figure 3.9: The chlorophyll content, measured using a SPAD meter, of soybean, Glycine max 
(L.) Merr., cultivars Clark, salt-sensitive, and Manokin, salt-tolerant, treated with either H2O or 
100 mM NaCl over 15 days of treatment. Shaded area represents the confidence of fit for the 





Figure 3.10: Salt damage in soybean, Glycine max (L.) Merr., cultivars Clark, salt-sensitive, and 




Figure 3.11: Salt damage rating scale for soybean, Glycine max (L.) Merr., cultivars Clark and 
Manokin treated with H2O or 100 mM NaCl. The difference between H2O treated Clark and 
Manokin was not statistically significant; however, all other treatments are statistically 
significant (P< 0.0001). n=12 samples from four experiments with three biological replicates per 




Figure 3.12: Salt damage ratings in soybean, Glycine max (L.) Merr., in cultivars treated with 
either H2O or 100 mM NaCl that partially exclude chloride and other ions from the leaves and 
are more salt-tolerant and cultivars where chloride is found in all tissues and are salt-sensitive . 
Salt-tolerant cultivars are Lee 68, Lee 74, Manokin, Osage, S-100, UA4805 and salt-sensitive 
cultivars are Arksoy, Clark, Dare, Glenn, MiniMax, Williams 82, The difference between H2O 
treated chloride excluders and includers were not statistically significant and differences among 
excluders and includers for the treatments were not significant for the respective group; however, 
all other treatment combinations are statistically significant (P< 0.0001). n=3 samples from one 




Figure 3.13: Salt damage rating scale for soybean, Glycine max (L.) Merr., cultivars Glenn, salt-
sensitive, and Osage, salt-tolerant, which have been back grafted or reciprocal grafted and treated 
with H2O or 100 mM NaCl. The difference between H2O treated Glenn and Osage for the 
different grafting combinations was not statistically significant nor was the difference between 
Glenn and Osage scion tissue grafted onto the respective rootstock; however, the differences 
between tissue grafted onto either Glenn or Osage rootstocks and the 100 mM NaCl treated 
tissue grafted onto Glenn rootstock are statistically significant (P=0.0021 and P=0.0042 
respectively). n=3 samples from one experiment with three biological replicates per experiment; 
















Supplemental table 3.1: Soil electrical conductivity reading analysis of variance results for 
soybean, Glycine max (L.) Merr., cultivars Clark and Manokin grown in pasteurized river sand 














Model 3 55.942825 18.6476 347.0937 <0.0001
*1
 0.992376 
Error 8 0.429800 0.0537    
Total 11 56.372625     
Effect tests       
Cultivar 1 0.106408  1.9806 0.1970  





1 0.323408  6.0194 0.0397
*
  
1: P-values marked with an asterisk are statistically significant 
 
 
Supplemental table 3.2: Analysis of variance for the normalized photosynthetic rate of soybean, 















Model 7 2.3139477 0.330564 36.8648 <0.0001
*1
 0.941617 
Error 16 0.1434706 0.008967    
Total 23 2.4574153     
Effect tests       
Cultivar 1 0.3546190  39.5475 <0.0001
*
  





1 0.3546190  39.5475 <0.0001
*
  










Supplemental table 3.3: Analysis of variance for the normalized photosynthetic rate of soybean, 
Glycine max (L.) Merr., chloride excluder cultivars (Lee 68, Lee 74, Manokin, Osage, S-100, and 
UA4805) and chloride includer cultivars (Arksoy, Clark, Dare, Glenn, MiniMax, and Williams 














Model 23 3.6820322 0.160088 30.8925 <0.0001
*1
 0.936719 
Error 48 0.2487414 0.005182    
Total 71 3.9307737     
Effect tests       
Cultivar 11 0.4738879  8.3134 <0.0001
*
  





11 0.4738879  8.3133 <0.0001
*
  
1: P-values marked with an asterisk are statistically significant 
 
 
Supplemental table 3.4: Analysis of variance for the normalized photosynthetic rate of soybean, 
Glycine max (L.) Merr., cvs. Glenn and Osage either back grafted or reciprocal grafted and 














Model 7 4.1590510 0.594150 168.6234 <0.0001
*1
 0.986626 
Error 16 0.0563765 0.003524    
Total 23 4.2154276     
Effect tests       
Treatment 1 3.1196954  885.3886 <0.0001
*
  
Scion 1 0.0009476  0.2689 0.6111  














1 0.0001834  0.0521 0.8224  
Treatment 
by scion by 
rootstock 
1 0.0001834  0.0521 0.8224  




Supplemental table 3.5: Analysis of variance for the initial slope of a CO2 response curve for 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 














Model 3 0.00727929 0.002426 53.3269 <0.0001
*1
 0.952375 
Error 8 0.00036401 0.000046    
Total 11 0.00764329     
Effect tests       
Cultivar 1 0.00000496  0.1089 0.7498  





1 0.0020181  1.0741 0.3303  
1: P-values marked with an asterisk are statistically significant 
 
 
Supplemental table 3.6: Analysis of variance for the initial slope of a light response curve for 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl 














Model 3 0.00633957 0.002113 141.9287 <0.0001
*1
 0.9815585 
Error 8 0.00011911 0.000015    
Total 11 0.00645869     
Effect tests       
Cultivar 1 0.00554794  372.6172 <0.0001
*
  





1 0.00002823  1.8959 0.2058  










Supplemental table 3.7: Generalized linear model using a maximum likelihood estimate with a 
Pearson’s correlation on a logarithmic scale for a CO2 response curve for soybean, Glycine max 
(L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl after 8 days of treatment. 




Difference 63.3794969 126.7590 3 <0.0001
*
 
Full 166.809651    
Reduced 230.189148    
Goodness of fit 
statistic 
    
Pearson  116.1046 52 <0.0001
*
 
Deviance  134.4048 52 <0.0001
*
 
Effect tests     
Cultivar  0.8096778 1 0.3682 





 1.3820596 1 0.2398 
1: P-values marked with an asterisk are statistically significant 
 
 
Supplemental table 3.8: Generalized linear model using a maximum likelihood estimate with a 
Pearson’s correlation on a logarithmic scale for a light response curve for soybean, Glycine max 
(L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl after 8 days of treatment. 




Difference 90.1787914 180.3576 3 <0.0001
*
 
Full 119.955942    
Reduced 210.134734    
Goodness of fit 
statistic 
    
Pearson  62.5937 52 0.1492 
Deviance  77.5734 52 0.0123
*
 
Effect tests     
Cultivar  150.26073 1 <0.0001
*
 





 25.775751 1 <0.0001
*
 
1: P-values marked with an asterisk are statistically significant 
 
 
Supplemental table 3.9: Multivariate analysis of variance for repeated daily measure of 
chlorophyll levels of soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O 
or 100 mM NaCl for 14 days. 
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Intercept 8      
Between 
subjects 
      
All 
between 
 0.3270491 19.1869 3 176 <0.0001
*3
 
Intercept  55.9759 9851.7584 1 176 <0.0001
*
 
Cultivar  0.2221865 39.1048 1 176 <0.0001
*
 
Treatment  0.0017787 0.3131 1 176 0.5765 
Cultivar by 
treatment 





      
All within 
interactions 
 0.3202007 18.7851 3 176 <0.0001
*
 














 0.1009253 17.7629 1 176 <0.0001
*
 
1: Numerator degrees of freedom 
2: Denominator degrees of freedom 












Supplemental table 3.10: Non-parametric comparison of salt damage for all pairs using Steel-
Dwass method for soybeans, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O 
or 100 mM NaCl for 14 days prior to salt damage rating.  
















 Clark H2O 10.9167 2.564388 4.25703 0.0001
*
 
Manokin NaCl Manokin H2O
5
 10.9167 2.564388 4.25703 0.0001
*
 
Manokin H2O Clark H2O 0.0000 0.000000 . 1.000 
Manokin H2O Clark NaCl -11.9167 2.664175 -4.47293 <0.0001
*
 
Manokin NaCl Clark NaCl -11.9167 2.774104 -4.29568 0.0001
*
 
1: cv. Clark treated with 100 mM NaCl 
2: cv. Clark treated with H2O 
3: P-values marked with an asterisk are statistically significant 
4: cv. Manokin treated with 100 mM NaCl 
5: cv. Manokin treated with H2O 
 
 
Supplemental table 3.11: Non-parametric comparison of salt damage for all pairs using Steel-
Dwass method for soybeans, Glycine max (L.) Merr., chloride excluder cultivars (Lee 68, Lee 
74, Manokin, Osage, S-100, and UA4805) and chloride includer cultivars (Arksoy, Clark, Dare, 
Glenn, MiniMax, and Williams 82) treated with H2O or 100 mM NaCl for 14 days prior to salt 
damage rating. 
















 Excluder H2O 17.9444 3.236694 5.54407 <0.0001
*
 
Includer NaCl Excluder NaCl 17.9444 3.402380 5.27409 <0.0001
*
 





 Excluder H2O 0.0000 0.000000 . 1.0000 
Includer H2O Excluder NaCl  -17.9444 3.218252  -5.57584 <0.0001
*
 
1: Chloride excluder treated with 100 mM NaCl 
2: Chloride excluder treated with H2O 
3: P-values marked with an asterisk are statistically significant 
4: Chloride includer treated with 100 mM NaCl 






Supplemental table 3.12: Non-parametric comparison of salt damage for all pairs using Steel-
Dwass method for soybean, Glycine max (L.) Merr., cvs. Glenn and Osage either back grafted or 
reciprocal grafted and treated with H2O or 100 mM NaCl for 14 days prior to salt damage rating. 
















 Glenn H2O 5.12500 2.315231 2.21360 0.1195 
Osage NaCl Osage H2O
5
 5.12500 2.315231 2.21360 0.1195 
Osage H2O Glenn H2O 0.00000 0.000000 . 1.0000 
Osage H2O Glenn NaCl  -8.37121 2.486326  -3.36690 0.0042
*
 
Osage NaCl Glenn NaCl  -9.84470 2.766728  -3.55824 0.0021
*
 
1: cv. Clark treated with 100 mM NaCl 
2: cv. Clark treated with H2O 
3: P-values marked with an asterisk are statistically significant 
4: cv. Manokin treated with 100 mM NaCl 































Chapter 4: The interaction of salt stress in soybean, Glycine max (L.) Merr., cultivars that 















 Salt stress is an increasing problem in agriculture worldwide with 7-8% of arable land 
afflicted with saline conditions (Tanji, 2002). Soybean, Glycine max (L.) Merr., is considered 
salt-sensitive and is able to tolerate a soil electrical conductivity reading of up to 5.0 dS/m with a 
50% yield loss occurring at 7.5 dS/m. However, soybeans differ in their reaction to salt stress 
with some genotypes being able to tolerate salt stress by partially excluding chloride from the 
foliar tissue. These genotypes are referred to as chloride excluders. Those that cannot exclude 
chloride from foliar tissue are salt-sensitive and called chloride includers (Abel and MacKenzie, 
1964). In addition to abiotic stresses, plants are often challenged by biotic factors as well. This 
interaction can lead to an antagonistic interaction between different signaling pathways for 
abiotic and biotic stresses (Anderson et al., 2004). Because of this, the combination of abiotic 
and biotic stresses are often more damaging than either one alone (Atkinson and Urwin, 2012; 
Atkinson et al., 2013; Fujita et al., 2006). The exact mechanisms mediating responses between 
combined salt stress and pathogen infection are not well understood (Mittler, 2006) and with the 
increase in saline soils, understanding this interaction is vital to continued agricultural 
productivity. 
Among soybean infecting viruses, Soybean mosaic virus (SMV; Potyvirus; Potyviridae) 
is among the most common found in the US. Yield losses due to SMV in soybean fields can 
range from 30 to 70% depending on the cultivar, aphid population, and environmental conditions 
(Wu et al., 2004). SMV is transmitted by diverse aphid species with varying degrees of 
efficiency (Halbert et al., 1981) though the most common and efficient aphid vetor is the 
soybean aphid, Aphis glycines Matsumura (Hill et al., 2001). In addition to aphid transmission, 
SMV is also mechanically transmissible and seed transmitted (Keifer et al., 1983), which is an 
important epidemiological aspect as few alternative hosts exist in the US for SMV. Because no 
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treatment options exist for plant viruses, control of the aphid vector, reduced planting of infected 
seed and resistance genes (Jayaram et al., 1992) are the best options for controlling SMV in the 
field.  
Other than the role of heat and the subsequent triggering of RNA interference (RNAi) 
little work has been published on the interaction of plant viruses and abiotic stress. In several 
known cases, induction of the RNAi host-plant machinery by heat stress suppresses viral 
replication and can lead to symptom reduction (Escaler et al., 2000; Taliansky et al., 2004). In 
tomato, Solanum lycopersicum L., plants treated with arsenic, the level of Cucumber mosaic 
virus (CMV) slightly increased (Miteva et al., 2005) and the combination of arsenic and CMV 
greatly reduced plant growth compared to either factor alone. In another study, Brome mosaic 
virus-infected rice, Oryza sativa L., was more drought tolerant than uninfected rice plants (Xu et 
al., 2006). However, Turnip mosaic virus when combined with drought and heat stress reduced 
plant health faster than heat or drought alone in Arabidopsis thaliana (L.) Heynh. (Prasch and 
Sonnewald, 2013). In soybean, the interaction of SMV and ozone has been studied in which 
ozone reduced the level of SMV in treated plants through an unidentified mechanism (Bilgin et 
al., 2008). Thus, there are documented examples of abiotic stresses that both increase and 
decrease symptoms caused by pathogens, and affect pathogen accumulation. Given that salt 
stress is an increasing problem in agriculture and little is known about the interaction of salt 
stress and plant viruses, in this study we attempted to resolve whether SMV infection impacts 







Materials and Methods 
Salt treatments and viral inoculation 
Soybean cultivars Clark (salt-sensitive) and Manokin (salt-tolerant), were pre-germinated 
on filter paper followed by transplanting a single plant into each 10.16- by 10.16- by 8.89-cm 
square plastic pot in pasteurized river sand. Plants were grown in a greenhouse under 16 h days, 
with supplemental lighting as needed, and an average day temperature of 22-26°C and an 
average night temperature of 18-20°C. Plants were fertilized every three days with 0.5x All 
Purpose MiracleGrow
®
 fertilizer (24N-8P-16K, with urea as nitrogen source).  
To test the effect of viral infection on salt stress in soybean, plants were inoculated and 
the virus allowed to systemically infect the plant prior to salt treatments. At the emergence of the 
unifoliate leaves, growth stage VC (McWilliams et al., 1999), a subset of the plants were 
mechanically inoculated with Soybean mosaic virus (SMV) strain G1 using carborundum 
(Rawlins and Tompkins, 1936). Mock-inoculated plants were treated with carborundum and no 
virus. After systemic symptoms appeared, approximately 14 days later, virus-infected and non-
infected controls were subjected to salt stress. Three soybean plants per cultivar were included 
for each treatment with one plant per pot placed into the same 54.61- by 27.94-cm tray for each 
treatment-virus combination, and the experiment was repeated three times. Salt treatments used 
were: 25, 50 and 100 mM NaCl; 12.5, 25 and 50 mM CaCl2; and H2O as a control. The plants 
were treated by partial flooding from the bottom of the tray with 2 L treatment solution with 
MiracleGrow
®
 All Purpose Fertilizer as before. 
To test the effect of salt treatments on SMV accumulation, plants were subjected to salt 
stress with 12.5 mM CaCl2, 25 mM NaCl or H2O by partial flooding for 2 h daily with 2 L of 
treatment solution in the same 54.61- by 27.94-cm tray for each treatment-virus combination. 





 All Purpose Fertilizer added to the treatments as before. After this, the newly 
emerging leaf tissue was inoculated with SMV or mock-inoculated as before with salt treatments 
continuing daily. After 8 weeks of treatment, the 6
th
 trifoliate was removed and frozen for further 
analysis. The experiment was repeated three times with three plants per cultivar for each 
treatment with one plant in each pot. Both experiment groups were run as a completely 
randomized factorial design. 
 
Salt damage rating 
To assess the effect of SMV infection on the salt damage phenotype in cvs. Clark and 
Manokin, treated soybeans were rated on a scale of one to six as described before (Chapter 3). 
Briefly, soybeans rated as one had no visible salt damage; for a rating of two, soybean leaves had 
slight margin necrosis and chlorosis; for a rating of three, soybean leaves had extensive necrosis 
along the leaf margins; for a rating of four, soybean leaves had extensive margin necrosis that 
extended to the interior of the leaf; for a rating of five, the soybean leaf had extensive margin and 
leaf necrosis that extended far into the leaf interior but remained alive; for a rating of six, the 
entire trifoliate had died due to salt stress. All data were analyzed in JMP
®
 v11.0 using a 




Non-invasive techniques were used to determine physiological effects of combined SMV 
infection and salt stress in soybean. A Li-Cor 6400 CO2 gas exchange monitor (Li-Cor; Lincoln, 
NE) was used to measure photosynthesis prior to the appearance of salt damage on the first 
trifoliate ca. 7 days after treatment began. The instrument was calibrated according to the 
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manufacturer’s recommendations and used the following settings: reference CO2, 400 µmol CO2 
mol
-1




; measurements were taken when stability status was 3/3 for 
30 sec. Photosynthesis readings were imported into JMP
®
 and analyzed as a full factorial using 
the Tukey-Kramer Honestly Significant Differences test to determine statistical significance. 
After rates of photosynthesis were measured, two leaflets from the third trifoliate were flash 
frozen in liquid nitrogen and stored at -80°C until extraction of RNA and protein fractions.  
Chlorophyll content of the third trifoliate of treated soybeans was measured daily with a 
SPAD meter (Spectrum Technologies; Aurora, IL). Three readings per plant were taken on the 
same leaf and averaged to obtain a SPAD chlorophyll value for the plant. The chlorophyll values 
were then normalized to the average value of the H2O control plants for their respective cultivar 
for each day. The data were imported into JMP
®
 v11.0 (SAS; Cary, NC) and analyzed using 
multi-variate analysis of variance for repeated measures. 
 
SMV measurement via ELISA 
Fresh leaf tissue, 0.1 g, for enzyme-linked immunosorbent assay (ELISA) was ground in 
1 mL ELISA sample buffer (AC Diagnostics; Fayetteville, AR; Appendix) using mesh grinding 
bags (Agdia; Elkhart, IN). From the extract, 250 µL was pipetted into 1.1 mL sample tubes in a 
96-position rack (USA Scientific; Ocala, FL) and diluted with 250 µL ELISA extraction buffer. 
For the ELISA, the Soybean mosaic virus DAS-ELISA kit was used according to the 
manufacturer’s instructions. Briefly, ELISA plates were incubated for 4 h with 100 µL of anti-
SMV coating antibody, diluted 1:1000 in coating buffer. Plates were washed four times with 
PBS-Tween 20 wash buffer and 100 µL of the extracted sample were added to each well and 
incubated overnight in a sealed plastic bag at 4°C. The samples were washed six times with wash 
195 
 
buffer, and incubated with 100 µL of the secondary antibody (1:1000) in the secondary antibody 
buffer for 2.5 h. Plates were then washed four times with wash buffer. Reaction substrate was 
prepared by dissolving one 5 mg tablet of p-nitrophenyl phosphate in 5 mL of substrate buffer, 
and 100 µL was added to each well and incubated for 15 min. Immediately following this, the 
reaction was stopped with 50 µL of 3M NaOH. Color formation in 96-well plates was measured 
using a Bio-Tek Synergy HT plate reader at 305 nm. The results were then imported into Excel 
and analyzed using a modified form of relative quantification (Kiefer et al., 1983) as follows: the 
optical density (OD) reading of the negative ELISA controls were subtracted from the OD values 
of the samples. The samples were then normalized against the average value of the H2O treated 
samples for the respective cultivar. The results were then imported into JMP
®
 v11.0 (SAS; Cary, 
NC) and analyzed as a full factorial using the Tukey-Kramer Honestly Significant Differences 
test to determine the significance of the samples. The experiment was repeated three times with 
three biological replicates per experiment and the ELISA performed with two technical 
replicates.  
To verify the liquid content of leaf samples, fresh and dry weights were measured for leaf 
tissue from one experiment. Fresh weights were taken immediately after collection and dry 
weight was measured after samples were dried in paper envelopes at 65°C. The results were 
analyzed in JMP
® 
as a full factorial using the Tukey-Kramer honestly Significant Differences test 
to determine statistical significance. 
 
RNA extraction, RT-PCR, and RT-qPCR 
RNA was extracted using Tri-Reagent according to the manufacturer’s recommendations 
(Molecular Research Center; Cincinnati, OH). Briefly, 100 mg of tissue was ground to a fine 
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powder in liquid nitrogen and added to a 2 mL microcentrifuge tube containing 1 mL Tri-
Reagent . After this, 100 µL of BCP (2-bromo-chloro-propane) was added to each tube and 
incubated at room temperature for 10 min with 5 sec of vortexing every 2 min. The samples were 
then centrifuged at 12,000 x g for 15 min at 4°C. After centrifugation, 400 µL of the aqueous 
phase was pipetted into a 1.5 mL microcentrifuge tube and 250 µL 100% isopropanol and 250 
µL high salt solution (1.2 M NaCl, 0.8 M Sodium citrate) added and mixed by inverting 10 times 
followed by incubation at room temperature for 7 min. Following the incubation, the samples 
were centrifuged at 12,000 x g for 8 min at 4°C. The supernatant was then decanted and the 
pellet washed with 750 µL of ice-cold 70% ethanol and centrifuged for 5 min at 12,000 x g at 
4°C. The supernatant was decanted and the pellet allowed to air dry for 10 min. Following this, 
75 µL of DNase- and RNase-free H2O was added to each tube and incubated on ice for 10 min. 
The samples were then incubated at 65°C for 5 min and the pellet disrupted by pipetting. After 
this, the samples were centrifuged at 12,000 x g for 5 min at 4°C and the RNA was quantified 
using a Bio-Spec Nano spectrophotometer. Total RNA was used as template for reverse 
transcription with M-MuLV reverse transcriptase (NEB; Ipswich, MA) in the following reaction: 
7 µL RNA H2O mixture (to 1000 ng RNA); 2.5 µL 10X M-MuLV reverse transcriptase buffer 
(50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, pH 8.3 @ 25°C); 0.5 µL 20 µM 
oligo dT primer (Table 4.1); 1 µL 10 mM dNTPS; 50 U M-MuLV reverse transcriptase (NEB); 6 
U RiboLock RNase inhibitor (Fermentas; Waltham, MA); and nuclease-free H2O to 25 µL. The 
reaction was incubated for 5 min at room temperature followed by 42°C for 1 h and 65°C for 15 
min. The resulting cDNA was diluted 1:5 with DNase- and RNase-free H2O and then subjected 
to PCR using the following reaction: 2.5 µL 10x Taq PCR reaction buffer (500 mM KCl, 100 
mM Tris-HCl pH 9.0 @ 25°C, 15 mM MgCl2, 1% Triton X-100), 0.5 µL 20 mM forward primer 
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(Table 4.1), 0.5 µL 20 mM reverse primer (Table 4.1); 0.5 µL 10 mM dNTPS; 5 U Taq 
polymerase (GenScript; Piscataway, NJ); and DNase free H2O to 25 µL. The PCR program used 
the following steps: 94°C for 2 min; 94°C for 30 sec, 55°C for 15 sec, 72°C for 30 sec repeated 
25 times; 72°C for 5 min; and a 4°C hold step. Amplicons were visualized using GelGreen
TM
 
(Biotuim; Hayward, CA) on a 2% agarose TAE gel and run at 80 volts for 30 min. For the qPCR 
the following reactions were set up using SYBRGreen
®
 technology (Applied Biosystems; Grand 
Island, NY): 10 µL 2x Power SYBR
®
 Green Master Mix; 1 µL 20 mM forward primer (Table 
5.1); 1 µL 20 mM reverse primer (Table 5.1); 1 µL cDNA (from before); and 7 µL DNase- and 
RNase-free H2O. The reactions were run in a Step One Plus Real-Time PCR System (Applied 
Biosystems) with the following program: 95°C for 10 min; then 95°C for 15 sec and 60°C for 1 
min repeated for 40 cycles; followed by a melt curve. The qPCR consisted of three biological 
replicates and two technical replicates per target gene with ELF1β as the internal control (Le et 
al., 2012). The resulting data were analyzed using the ΔΔCt method (Livak and Schmittgen, 
2001) with the following calculations: 
 
ΔCt = Cttarget gene-Ctcontrol gene 
ΔΔCt = Cttreated sample-Ctuntreated sample 
Fold change expression = 2
(ΔΔCt) 
 
All data were analyzed in JMP
®
 as a full factorial using the Tukey-Kramer Honestly Significant 






Infection of soybeans by SMV was characterized by visible stunting, mosaic patterns of 
light and dark areas, and leaf malformation. Salt stress from neither CaCl2 nor NaCl altered the 
symptoms of SMV, regardless of the amount of salt or the length of the experiment (Figure 4.1). 
Likewise, infection with SMV did not alter the salt damage phenotype from CaCl2 or NaCl in 
cvs. Clark or Manokin (Figure 4.2). The chloride excluder cv. Manokin had significantly lower 
salt damage ratings than cv. Clark (p-value ˂ 0.0001), and this was consistent at all salt 
concentrations tested (Supplemental table 4.1). In addition, higher concentrations of salt 
generally lead to significant increases in damage ratings, except between 25 and 50 mM Cl
-
 (100 
to 25 mM Cl
-
 p˂ 0.0001; 100 to 50 mM Cl
-
 p= 0.0115; 50 to 25 mM Cl
-
 p=0.1113). Under the 
experimental conditions used here there was no statistical difference in damage ratings caused by 
different salt type (p= 0.193) or by SMV infection (p= 0.4598). 
 
Salt and viral impacts on photosynthesis 
Not surprisingly, treatment with high concentrations of salt solutions had a negative 
impact on plant performance and led to a decrease in photosynthetic rates in the salt-sensitive 
chloride-includer cv. Clark. There was a significant reduction of photosynthesis in cv. Clark 
plants treated with the high levels of salt, 25 and 50 mM CaCl2, and 100 mM NaCl in the 
absence of virus infection, compared to the H2O-treated soybeans (Figure 4.3; Supplemental 
table 4.2). At lower salt concentrations the effects on photosynthesis were diminished. There 
were no significant differences in the rates of photosynthesis in cv. Clark soybeans treated with 
H2O, 12.5 mM CaCl2, or 25 and 50 mM NaCl; additionally, the presence of SMV infection did 
not significantly affect photosynthetic rates at these lower salt levels (Figure 4.3). However, 
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plants treated with the highest levels of CaCl2 and also infected with SMV had photosynthetic 
rates comparable to water-treated controls (Figure 4.3). 
The overall effects of salt and SMV infection in the chloride excluder, cv. Manokin, 
parallel those seen in cv. Clark when measurements were taken prior to the appearance of visible 
salt effects. As seen earlier, in the absence of SMV, photosynthesis in cv. Manokin decreased at 
the highest salt levels (25 and 50 mM CaCl2 and 100 mM NaCl; Figure 4.4). In both cultivars in 
the absence of SMV, the trends show a decrease in photosynthesis with increasing salt 
concentrations. In 12.5 mM CaCl2-treated Manokin soybeans, the uninfected soybeans were not 
significantly different than the H2O treated controls; however, soybeans infected with SMV had 
a significantly lower rate of photosynthesis than both the uninfected and the H2O treated 
controls. In 50 mM CaCl2-treated Manokin soybeans, plants without SMV had a significantly 
lower rate of photosynthesis and SMV infected soybeans had a significantly higher 
photosynthetic rate that was not statistically different than the H2O treated control (Figure 4.4). 
As a means to account for the slight differences in photosynthetic rates between these 
genetically distinct cultivars, and to more readily make direct comparisons of salt and SMV 
effects, the rates of photosynthesis in cvs. Clark and Manokin were normalized to the average 
photosynthetic rate for the respective H2O-treated cultivar and analyzed (Figure 4.5). In the 
absence of SMV, high salt concentrations lead to decreased photosynthesis in both the chloride-
includer and excluder. In response to NaCl, the relative photosynthetic rate in cv. Clark was 
significantly lower than that in cv. Manokin, although in each cultivar the salt-treated rates are 
lower than H2O-treated controls (Figure 4.5). As indicated by the absolute photosynthetic values 
shown earlier, infection with SMV seemed to nullify the negative effects of CaCl2 on relative 
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photosynthetic rates, in both cultivars; this effect was not observed in NaCl-treated plants of 
either cultivar (Figure 4.5).  
 
Chlorophyll levels in response to salt and virus 
Leaf chlorophyll content can be an indicator of photosynthetic activity and nitrogen status 
in plants. Because both SMV infection and salt stress can alter chlorophyll concentrations, a 
SPAD meter was used to determine chlorophyll over time in treated soybean plants. In the 
chloride-includer cv. Clark, chlorophyll levels increased steadily over time in H2O-treated plants 
both with and without SMV infection (Figure 4.6). In the absence of virus infection, salt 
treatments with either CaCl2 or NaCl lead to a steady decrease in chlorophyll, reflecting the 
sensitivity of cv. Clark to salt. When plants were inoculated with SMV and exposed to salt, the 
chlorophyll levels paralleled those in H2O-treated plants (Figure 4.6).  
In the H2O-treated chloride-excluder cv. Manokin, chlorophyll levels also increased over 
the time course of these experiments. However, in contrast to the salt-sensitive line, non-virus-
infected cv. Manokin plants continued to increase chlorophyll levels over time even when treated 
with varying levels of either CaCl2 or NaCl (Figure 4.7). As observed in the salt-sensitive line, 
chlorophyll levels continue to rise over time in plants infected with SMV, in a fashion similar to 
changes in the water-treated controls (Figure 4.7). 
To account for modest differences in chlorophyll measurements between the two 
cultivars, and to more readily compare effects of salt treatments and virus infection, chlorophyll 
data from treated plants were normalized to the values from H2O-treated plants free of SMV for 
the respective cultivar and virus treatment (Figure 4.8). Both soybean cultivars Clark and 
Manokin treated with 50 mM CaCl2 or 100 mM NaCl had an overall decrease in the relative 
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chlorophyll content over time (Figure 4.8). However, the decrease was more severe in cv. Clark 
plants that were not infected with SMV compared to those infected with SMV. In cv. Manokin 
plants treated with 50 mM CaCl2, there was not a significant difference from the H2O-treated 
control soybeans without SMV, whereas those with SMV had a decrease over time. The 
differences between cvs. Clark and Manokin under various treatments were significantly 
different starting at day 8 (Supplemental table 4.3). 
 
Accumulation of Soybean Mosaic Virus in salt-damaged plants 
Based on the data above, the presence of SMV can impact both photosynthetic rates and 
chlorophyll levels in soybeans, in both salt-sensitive and –tolerant cultivars. To determine 
whether salt stress in a host plant can also alter virus accumulation, an established method was 
used to perform relative quantification of SMV based on antibody binding in an ELISA (Kiefer 
et al., 1983). In these measurements the relative virus quantity, as measured by OD, was 
compared to the values from H2O-treated SMV-infected soybeans for the respective cultivar 
combination. To determine if the presence of an ongoing infection can be affected by salt stress, 
salt treatments were initiated after viral inoculation and symptom development (Supplemental 
table 4.4). In the salt-sensitive cv. Clark plants inoculated with SMV prior to salt treatment, all 
concentrations of CaCl2 led to a substantial decrease in viral accumulation (Figure 4.9). In 
response to the lowest level of NaCl tested, virus accumulation was also decreased, whereas 
treatment with 50 and 100 mM NaCl did not reduce the relative levels of SMV (Figure 4.9). 
Likewise, in the chloride-excluder cv. Manokin plants inoculated with SMV prior to salt stress, 
treatment with all levels of CaCl2 significantly reduced the relative levels of SMV (Figure 4.10). 
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The lower levels of NaCl tested, 25 and 50 mM, also caused a decrease in virus quantities 
whereas treatment with 100 mM NaCl did not lead to virus reduction (Figure 4.10).  
To test for the effect on virus accumulation of salt stress prior to SMV infection, plants 
were treated with low levels of salt for one week before virus inoculation. Leaf tissue was 
collected about 8 weeks after salt treatment began. The relative level of SMV in 25 mM NaCl-
treated cv. Clark soybeans was not significantly lower than in the H2O-treatement; however 
CaCl2 treatment did lead to a decrease in virus accumulation. In cv. Manokin, both salt 
treatments resulted in a reduction in SMV levels, compared to those in H2O-treated plants 
(Figure 4.11).  
Because virus levels were determined on the basis of fresh weights, and because both 
viral infection and salt treatments could potentially alter the total water content of leaves, the 
water content of plants with all treatments was measured to ensure that apparent reductions in 
virus concentration were accurate. In all cv. Clark and cv. Manokin samples, either with or 
without SMV and treated with CaCl2 or NaCl (25 and 100 mM Cl
-
), the water content of leaves 
was not significantly different (Figure 4.12; Supplemental table 4.6).  
 To further verify the levels of SMV in salt-treated soybeans RT-qPCR was employed to 
measure expression of the viral coat protein gene. The reduction of SMV levels observed in the 
ELISA for soybeans inoculated with SMV after salt treatment began for Clark and Manokin 
were verified for both 12.5 mM CaCl2 and 25 mM NaCl compared to the H2O treated control 






Host plant genes impacted by virus infection and salt 
To acquire an indication of how soybean plants were responding with induced defenses 
to SMV inoculation and salt stress, the expression levels of two well-established marker genes 
for stress were measured by RT-qPCR (Table 4.2). Expression of the PR1 gene is known to be 
strongly activated by the salicylic acid-mediated defense pathway in soybeans and in response to 
viral infections, and might play a role in pathogen defense (Chaerle et al., 1999; Malamy et al., 
1990). Furthermore, the plant Ago1a gene encodes a key component of the RNA silencing 
machinery that can function to suppress viral infection (Morel et al., 2002). The PR1 transcript 
was induced in virus-infected cv. Clark plants compared to the H2O-treated Clark without SMV 
(2.65 fold change) and slightly induced in 25 mM NaCl treated Clark soybeans (1.61 fold 
change); however, PR1 was greatly reduced in 12.5 mM CaCl2 treated Clark soybeans. In H2O- 
and 12.5 mM CaCl2-treated Manokin soybeans infected with SMV, the level of PR1 was about 
7.6 and 8.0 times that in H2O treated Manokin soybeans without SMV respectively. In 25 mM 
NaCl treated Manokin soybeans the level of PR1 was about 18 times higher than in the H2O 
treated soybeans without SMV and compared to the H2O treated soybeans infected with SMV it 
was approximately 2.4 times higher (Supplemental table 4.8).  
The levels of Ago1a in H2O treated Clark soybeans with SMV were similar to the Ago1a 
level in Clark soybeans without SMV infection (0.95 times); however, the levels of Ago1a in 
12.5 mM CaCl2 and 25 mM NaCl treated Clark soybeans were approximately half that of the 
Ago1a levels in H2O treated Clark soybeans (0.59 and 0.43 times respectively). In SMV infected 
Manokin soybeans, the Ago1a levels were higher than the H2O treated soybeans without SMV 
for H2O, 12.5 mM CaCl2, and 25 mM NaCl (3.9, 3.5 and 1.7 times respectively; Supplemental 




The rate of photosynthesis can be a good indicator of plant stress (Quick et al., 1992; 
Tezera et al., 1999). Previously we have shown that salt stress in soybean reduced the rates of 
photosynthesis in both salt-sensitive and salt-tolerant cultivars, though the reduction was less in 
the tolerant cultivars (Chapter 3). A previous study has also shown that SMV reduces the rate of 
photosynthesis (Babu et al., 2008). In soybeans infected with SMV and treated with 50 mM 
CaCl2 the rate of photosynthesis increased, which was surprising given that SMV infection did 
not alter salt damage ratings nor did salt stress alter SMV symptoms. Likewise it was surprising 
that treatment with 12.5 mM CaCl2 in SMV-infected cv. Manokin resulted in a significantly 
lower rate of photosynthesis. The highest level of chloride used (100 mM Cl
-
) decreased the rate 
of photosynthesis in both cvs. Clark and Manokin as previously shown (Chapter 3). It was not 
unexpected that the rate of photosynthesis in Manokin under salt stress from 25 and 50 mM Cl
-
 
(CaCl2 and NaCl) was not significantly different from the H2O-treated soybeans. In cv. Clark the 
rate of photosynthesis decreased as the level of CaCl2 increased. However, which rate of 
photosynthesis was only significantly decreased with 100 mM NaCl and not 25 or 50 mM NaCl. 
In cv. Manokin a similar trend was observed for both CaCl2 and NaCl. This increase in 
photosynthetic rate for cvs. Clark and Manokin plants under 50 mM CaCl2 treatment was 
initially surprising since previously reported literature shows a decrease in photosynthetic rate 
due to viral infection (Balachandran et al., 1994; Gou et al., 2005; Owen, 1958; Rahoutei et al., 
2000). However, there have been reported cases of viral infection increasing the rate of 
photosynthesis with Potato virus A and Potato virus Y increasing the rate of photosynthesis in 
Nicotiana tabacum L. cv. Satsun (Ryslava et al., 2003).  
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The increase and decrease in photosynthesis was not correlated with chlorophyll levels. 
In cv. Clark, salt stress decreased chlorophyll levels regardless of the salt type or the chloride 
concentration when the soybeans were not infected with SMV. However, when infected with 
SMV, the chlorophyll content increased over time regardless of salt or chloride concentration. 
The increase in chlorophyll and photosynthetic rate in cv. Clark did not translate to an improved 
salt damage rating. In cv. Manokin, both salt stress and SMV infection increased the chlorophyll 
content regardless of salt type or chloride level. cv. Manokin plants also had higher chlorophyll 
content than in cv. Clark plants. This increase in chlorophyll content has been previously 
reported with Turnip yellow mosaic virus (Crosbie and Matthews, 1974) and Cauliflower mosaic 
virus (Covey et al., 1991), so it is not surprising to observe this with SMV as mosaic symptoms 
are often associated with an increase in chlorophyll. 
Although the symptoms of SMV were not altered by salt stress in soybean, the levels of 
SMV accumulation were altered by salt stress. In cv. Clark, salt stress with CaCl2 (25, 50 and 
100 mM Cl
-
) and 25 mM NaCl following inoculation with SMV reduced the relative level of 
SMV. Likewise, in cv. Manokin, treatment with CaCl2 (25, 50 and 100 mM Cl
-
) and NaCl (25 
and 50 mM Cl
-
) following inoculation with SMV reduced the relative level of SMV. In soybeans 
subjected to salt stress with CaCl2 and NaCl (25 mM Cl
-
) prior to SMV inoculation, relative 
SMV levels were reduced in CaCl2-treated cv. Clark soybeans and in CaCl2- and NaCl-treated 
cv. Manokin plants; these results were verified with RT-qPCR. Reduction of SMV by an abiotic 
factor, ozone, has previously been reported (Bilgin et al., 2008). As determined by the similar 
water content measured in experimental leaves, the apparent reduction seen in this study was not 




To gain insight into plant responses contributing to this reduction in virus levels, two 
genes associated with viral defense, pathogenesis related protein 1 (PR1) and argonaute 1a 
(Ago1a), were measured with quantitative RT-PCR. Both PR1 and Ago1a were induced in cv. 
Manokin soybean in response to SMV infection and salt stress, with PR1 being greatly induced 
(ca. 18-fold) in soybeans treated with 25 mM NaCl and infected with SMV. In cv. Clark, PR1 
was up-regulated in H2O and 25 mM NaCl treated soybeans but down-regulated in 12.5 mM 
CaCl2 treated soybeans; Ago1a was down-regulated in response to SMV infection. Expression 
activity of Ago1a is positively associated with RNAi defense against plant viruses (Baumberger 
et al., 2007; Dunoyer and Voinnet, 2005; Morel et al., 2002; Varallyay et al., 2010; Zhang et al., 
2006). Induction of the PR1 gene has been associated with viral infection and induction of the 
salicylic acid pathway (Chaerle et al., 1999; Malamy et al., 1990). The salicylic acid mediated 
defense pathway is active in both hypersensitive responses and broad spectrum resistance to 
plant viruses (He et al., 2002; Kundu et al., 2011). Stress due to NaCl has also been reported to 
induce salicylic acid mediated signaling in Arabidopsis (Borsani et al., 2001).  
Potyviruses such as SMV have previously been shown to inhibit the RNAi pathway in 
plants (Kasschau et al., 2003). The data presented here are in agreement with such findings, as 
Ago1a was down-regulated in cv. Clark plants with SMV. However, cv. Clark supported a lower 
level of SMV than cv. Manokin, in spite of the data showing that in cv. Manokin Ago1a was 
induced by SMV infection. Viral infection often triggers an RNAi response in plants and the 
transcript levels of the genes involved in the RNAi pathway are often increased leading to a 
decrease in virus accumulation. This was not the case in cv. Clark as Ago1a transcript levels 
were reduced even though SMV levels were decreased. However, it is possible that other defense 
responses were triggered in cv. Clark in response to SMV infection. The type of salt stress also 
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had an impact on Ago1a transcript levels. In cv. Clark, both CaCl2 and NaCl significantly 
reduced the transcripts levels compared to the H2O-treated soybeans infected with SMV. In cv. 
Manokin treatment with 25 mM NaCl caused a significant reduction in Ago1a levels but 12.5 
mM CaCl2 did not in comparison to the H2O-treated, SMV-infected control. Likewise, PR1 
levels differed between cultivars with cv. Clark having lower levels than cv. Manokin. Salt stress 
also led to differences in expression levels with 25 mM NaCl treated cv. Manokin plantss having 
a greatly induced PR1 level (ca. 18 fold change). In cv. Clark, treatment with NaCl reduced the 
level of PR1, though it was still higher compared to the H2O-treated soybeans that were free of 
SMV. It is widely accepted that the PR1 gene is induced by several different SMV strains in 
several different cultivars (Hajimorad et al., 2005), so it was somewhat surprising that treatment 
with 12.5 mM CaCl2 greatly reduced the expression of PR1.  
Treatment with CaCl2 in soybean led to additional differential responses compared to 
both NaCl and H2O treatments, with the basal level of photosynthesis being raised in both 
cultivars when they were also infected with SMV. Although this was only true of the treatments 
with highest levels of CaCl2 for soybeans inoculated with SMV prior to the onset of salt 
treatment, extended treatment with 12.5 mM CaCl2 induced salt damage symptoms similar to the 
highest level of CaCl2 after 7 weeks. Because the rate of photosynthesis was not measured in the 
long-term salt stress study, we did not determine if this low level of CaCl2 had an effect on 
photosynthesis. However, since the salt damage phenotype was delayed, but not negated, by long 
term salt exposure it is possible that the effects on photosynthesis were delayed as well. 
Previously salicylic acid has been shown to have a negative impact on photosynthesis at higher 
levels, but not lower levels (Fariduddin et al., 2003). It is possible that the combined stress from 
CaCl2 and SMV infection created crosstalk between the different signaling pathways to inhibit 
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the SA pathway response and thus lead to a down-regulation of PR1 (Anderson et al., 2004). As 
for the dramatic increase in PR1 abundance in Manokin soybeans infected with SMV and treated 
with NaCl, it is likely that NaCl stress and SMV infection are acting synergistically to induce 
PR1 transcripts in Manokin soybeans. This up-regulation in a gene involved in the SA pathway 
in response to both NaCl and viral infection indicates strong induction of this generalized 
defense mechanism. Further, it could explain why SMV levels were greatly reduced in Manokin 
soybeans treated with NaCl.  
These data suggest that salt stress could alter the susceptibility of some soybeans to SMV 
infection; however, the levels of the SMV G1 strain were reduced by salt stress from two 
different salts yet the symptoms were unchanged. Because SMV G1 causes severe stunting and 
mosaic symptoms in multiple soybean cultivars (data not shown), it is possible that even a small 
level of virus allowed for symptom development. However, other SMV strains may show 
reduced symptoms under salt stress as they cause mild symptoms in several different cultivars 
(Kiihl and Hartwig, 1978). It cannot be discounted that a different SMV strain or another 
soybean virus could exacerbate the effect of salt stress in soybean. Previous work using a Bean 
pod mottle virus (BPMV) silencing vector suggested that the empty BPMV vector and the RNAi 
construct for a calmodulin gene resulted in earlier plant death in Williams 82 (a chloride 
includer) than the over-expression construct (Rao et al., 2014). As such, further studies are 
required to elucidate the interactions between different SMV strain, other soybean viruses and 
salt stress in soybean. 
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Table 4.1: Primers used for semi-quantitative RT-PCR and quantitative RT-PCR for Soybean mosaic virus detection and for 
defense related genes in soybean, Glycine max (L.) Merr., cultivars Clark and Manokin treated with H2O, CaCl2 (25, 50 and 
100 mM Cl
-
), or NaCl (25, 50 and 100 mM Cl
-
). 





dT Short GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTTT N/A N/A 
SMVDetFor GTTCTCCCTGCCATTCATAA 
 
N/A Soybean mosaic virus 
coat protein 
SMVDetRev CAAATGAAGGCTGCAGCTCT N/A Soybean mosaic virus 
coat protein 
ELF1bFor GCACCCACCATTACTCAGCA Glymax02g44460 Elongation factor 1β 
ELF1bRev ATCTTACCCCTTGAGCGTGC Glymax02g44460 Elongation factor 1β 
ELF1BqPCRFor GTGGTACGATGCTGTCTCTTC Glymax02g44460 Elongation factor 1β 
ELF1BqPCRRev CCACTGAATCTTACCCCTTGAG Glymax02g44460 Elongation factor 1β 
SMVqPCRFor AGATGGGCGTGGTTATGAATG N/A Soybean mosaic virus 
coat protein 
SMVqPCRRev TCTCGACAATGGGTTTCAGC N/A Soybean mosaic virus 
coat protein 
PR1qPCRFor AGAACACCCCTCAAGACTTTC Glyma15g06770 PR1-like 
PR1qPCRRev TGGCATACCTTTGAGCGTAG Glyma15g06770 PR1-like 
Ago1aqPCRFor CATTTCTTTGCCGAGTTGCC Glyma09g29720 Ago1a 
Ago1aqPCRRev CCAAGTGAGATTCCCGATACAG Glyma09g29720 Ago1a 








Table 4.2: Relative expression of Soybean mosaic virus (SMV) coat protein, PR1, and Ago1a 
genes measured by RT-qPCR in SMV infected soybean, Glycine max (L.) Merr., cultivars Clark 
and Manokin treated with H2O, 12.5 mM CaCl2, or 25 mM NaCl 1 week prior to inoculation 
with Soybean mosaic virus. Expression was normalized to levels in H2O treated plants with SMV 








Clark H2O  1.00a
4
 2.65c 0.95d 
Clark NaCl 
5
 0.73ab 1.61d 0.43e 
Clark CaCl2 
6
 0.46bc 0.06e 0.59e 
Manokin H2O  1.00a 7.63b 3.94a 
Manokin NaCl  0.36c 17.92a 1.70c 
Manokin CaCl2  0.38c 7.98b 3.52b 
1: SMV= Soybean mosaic virus 
2: PR1= Pathogenesis related 1 (Glyma accession: Glyma15g06770) 
3: Ago1a= Argonaute 1a (Glyma accession: Glyma09g29720) 
4: Samples that share the same letter are not significantly different (P>0.05) 
5: 25 mM NaCl 




Figure 4.1: Affect of salt stress on Soybean mosaic virus symptoms in soybean, Glycine max 
(L.) Merr., cultivars Clark and Manokin after 6 weeks of treatment with 25 mM Cl
-
. A) H2O 
treated Manokin, B) 25 mM NaCl treated Manokin, C) 12.5 mM CaCl2 treated Manokin, D) H2O 




Figure 4.2: Salt damage ratings for soybean, Glycine max (L.) Merr., cultivars Clark and 
Manokin treated with H2O, and equal amounts of Cl
-
 between CaCl2 (12.5, 25, and 50 mM) and 
NaCl (25, 50 and 100 mM) and either infected with Soybean mosaic virus or not. Rating scale: 
1= no salt damage; 2= slight necrosis along leaf margin and chlorosis; 3= extensive leaf margin 
necrosis; 4= extensive margin necrosis with necrosis partially extending into the leaf interior; 5= 
extensive margin and leaf interior necrosis not resulting in leaf death; 6= plant death. Differences 
between cultivars were statistically significant (P ˂ 0.0001; n=9) as were differences between 
chloride levels except for between 25 and 50 mM Cl
-
 (100 to 25 mM Cl
-
 P˂ 0.0001; 100 to 50 
mM Cl
-
 P= 0.0115; 50 to 25 mM Cl
-
 P=0.1113); however, there was no statistical difference 




Figure 4.3: Rate of photosynthesis in soybean, Glycine max (L.) Merr., cv. Clark treated with 
H2O, CaCl2 (25, 50 and 100 mM Cl
-
), and NaCl (25, 50 and 100 mM Cl
-
). Samples with different 




Figure 4.4: Rate of photosynthesis in soybean, Glycine max (L.) Merr., cv. Manokin treated with 
H2O, CaCl2 (25, 50 and 100 mM Cl
-
), and NaCl (25, 50 and 100 mM Cl
-
). Samples with different 





Figure 4.5: Normalized rates of photosynthesis in soybean, Glycine max (L.) Merr., cv. Clark 
and Manokin treated with H2O, or relatively high salt concentrations of 50 mM CaCl2 or 100 
mM NaCl. Samples with different letters are statistically different (P<0.05; n=9); error bars 





Figure 4.6: Chlorophyll levels, as measured by a SPAD meter, for H2O, CaCl2 (25, 50 and 100 
mM Cl
-
), and NaCl (25, 50 and 100 mM Cl
-
) treated soybean, Glycine max (L.) Merr., cv. Clark 
either infected or not with Soybean mosaic virus. The line represents a linear fit of the SPAD 




Figure 4.7: Chlorophyll levels, as measured by a SPAD meter, for H2O, CaCl2 (25, 50 and 100 
mM Cl
-
), and NaCl (25, 50 and 100 mM Cl
-
) treated soybean, Glycine max (L.) Merr., cv. 
Manokin either infected or not with Soybean mosaic virus. The line represents a linear fit of the 






Figure 4.8: Normalized chlorophyll levels, as measured by a SPAD meter, for H2O, 50 mM 
CaCl2, and 100 mM NaCl treated soybean, Glycine max (L.) Merr., cvs. Clark and Manokin 
either infected or not with Soybean mosaic virus. The line represents a linear fit of the 
normalized SPAD values (normalized against the average value of the respective H2O treated 





Figure 4.9: Relative Soybean mosaic virus (SMV) levels (normalized to H2O SMV level) 
measured by ELISA in soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with 
H2O, CaCl2 (25, 50 and 100 mM Cl
-
), and NaCl (25, 50 and 100 mM Cl
-
) following SMV 
inoculation. Samples with different letters are statistically different (P<0.05; n=9); error bar 




Figure 4.10: Relative Soybean mosaic virus (SMV) levels (normalized to H2O SMV level) 
measured by ELISA in soybean, Glycine max (L.) Merr., cultivars Clark and Manokin treated 
with H2O, 12.5 mM CaCl2, and 25 mM NaCl prior to SMV inoculation. Samples with different 




Figure 4.11: Percent water in H2O, NaCl (25, 50 and 100 mM), and CaCl2 (12.5, 25 and 50 mM) 
treated soybean, Glycine max (L.) Merr., cultivars Clark and Manokin leaves infected or non-
infected with Soybean mosaic virus. Samples were not statistically different (P>0.05; n=3); error 













Enzyme-linked immunosorbent assay (ELISA) buffer recipes 
Sample buffer 
Powedered egg (chicken) albumin, Grade II 2.0 g 
Polyvinylpyrrolidone (PVP) MW, 24-40,000 10.0 g 
Sodium sulfite (anhydrous) 1.3 g 
Sodium azide 0.2 g 
Tween-20 10.0 g 
Dissolve in 1 L 1x PBST, adjust pH to 7.3  
Store at 4°C  
    
PBST Buffer (Wash buffer) 
Sodium phosphate, dibasic (anhydrous) 1.15 g 
Potassium phosphate, monobasic (anhydrous) 0.2 g 
Sodium chloride 8.0 g 
Potassium chloride 0.2 g 
Tween-20 0.5 g 
Dissolve in 1 L distilled H2O  
Adjust pH to 7.3  
 
Coating buffer 
Sodium carbonate (anhydrous) 1.60 g 
Sodium bicarbonate 2.92 g 
Sodium azide 0.2 g 
Dissolve in 1 L distilled H2O  
Adjust pH to 9.6   
Store at 4°C  
 
Substrate buffer 
Diethanolamine 97.0 mL 
Magnesium chloride 0.1 g 
Sodium azide 0.2 g 
Dissolve in 800 mL distilled H2O  
Adjust pH to 9.8 using hydrochloric acid  
Adjust final volume to 1 L   





Supplemental table 4.1: Non-parametric comparison of salt damage for all pairs using Steel-
Dwass method for soybeans, Glycine max (L.) Merr., cvs. Clark and Manokin infected or not 
with Soybean mosaic virus, treated with H2O, CaCl2, or NaCl with 25, 50 or 100 mM Cl
-
 for 14 
days prior to salt damage rating.  







Cultivar      
Clark  Manokin -29.8056 4.772279 -6.24556 <0.0001*
1
 
Salt type      
NaCl CaCl2 -6.19444 4.772279 -1.29801 0.1943 
Chloride level      
100
2
 25 18.45833 3.865766 4.77819 <0.0001
*
 
100 50 11.33333 3.952286 2.867539 0.0115
*
 
50 25 7.62500 3.805441 2.003710 0.1113 
SMV
3
      
SMV + SMV - -3.52778 4.772279 -0.739223 0.4598 
1: P-values marked with an asterisk are statistically significant 
2: Chloride levels- 25, 50 or 100 mM Cl
-
 


























Supplemental table 4.2: Analysis of variance for the normalized photosynthetic rate of soybean, 
Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O, CaCl2, or NaCl using 25, 50, 
or 100 mM Cl
- 














Model 23 3.7067209 0.161162 7.2788 <0.0001
*1
 0.58248 
Error 120 2.6569659 0.022141    
Total 143 6.3636868     
Effect tests 23 3.7067209     
Salt type 1 0.0545463  2.4635 0.1191  
Cultivar 1 0.0019406  0.0876 0.7677  
Cultivar by salt 
type 
1 0.0154620  0.6983 0.4050  





2 0.2243517  5.0663 0.0077
*
  
Salt type by 
chloride level 
2 0.0371161  0.8382 0.4350  
Cultivar by salt 
type by chloride 
level 





 1 0.2724665  12.3058 0.0006
*
  
Cultivar by SMV 1 0.0843747  3.8107 0.0533  
Salt type by 
SMV 
1 0.0991145  4.4764 0.0364
*
  
Cultivar by salt 
type by SMV 
1 0.0300129  1.3555 0.2466  
Chloride level by 
SMV 




chloride level by 
SMV 
2 0.2339376  5.2828 0.0063
*
  
Salt type by 
chloride level by 
SMV 
2 0.1040917  2.3506 0.0997  
Cultivar by salt 
type by chloride 
level by SMV 
2 0.0528618  1.1937 0.3067  
 
1: P-values marked with an asterisk are statistically significant 





Supplemental table 4.3: Multivariate analysis of variance for repeated daily measure of 
chlorophyll levels of soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O 
or 100 mM NaCl for 14 days. 






Intercept 8      
Between 
subjects 
      
All 
between 
 0.17522563 8.0466 23 1056 <0.0001
*3
 
Intercept  43.791246 46243.556 1 1056 <0.0001
*
 









 0.0020982 1.1079 2 1056 0.3306 
Salt type  0.0018284 1.9308 1 1056 0.1650 
Cultivar by 
salt type 











 0.0007969 0.4208 2 1056 0.6566 
SMV
4
















 0.007339 3.8750 2 1056 0.0211
*
 
Salt type by 
SMV 




salt type by 
SMV 





salt type by 
SMV 
 0.0055006 2.9043 2 1056 0.0552 
230 
 
Supplemental table 4.3 continued: Multivariate analysis of variance for repeated daily measure 
of chlorophyll levels of soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with 
H2O or 100 mM NaCl for 14 days. 









salt type by 
SMV 
 0.0184755 9.7551 2 1056 <0.0001
*
 
       
Within 
subjects 
      
All within 
interactions 
 0.2309269 10.6026 23 1056 <0.0001
*
 
















 0.0027647 1.4598 2 1056 0.2328 
Day by salt 
type 

















 0.0010501 0.5544 2 1056 0.5746 
Day by 
SMV 












Supplemental table 4.3 continued: Multivariate analysis of variance for repeated daily measure 
of chlorophyll levels of soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with 
H2O or 100 mM NaCl for 14 days. 
















 0.0096703 5.1059 2 1056 0.0062
*
 
Day by salt 
type by 
SMV 





salt type by 
SMV 





level by salt 
type by 
SMV 






level by salt 
type by 
SMV 
 0.023443 12.8538 2 1056 <0.0001
*
 
1: Numerator degrees of freedom 
2: Denominator degrees of freedom 
3: P-values marked with an asterisk are statistically significant 








Supplemental table 4.4: Analysis of variance of Soybean mosaic virus levels measured by 
ELISA in soybean, Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O, 50 mM 














Model 23 16.648611 0.723853 29.1323 <0.0001
*1
 0.84811 
Error 120 2.981645 0.024847    
Total 143 19.630256     
Effect tests       
Cultivar 1 0.032693  1.3158 0.2536  
Salt type 1 0.429472  17.2846 <0.0001
*
  
Cultivar by salt 
type 
1 0.093319  3.7557 0.0550  





2 0.047556  0.9570 0.3870  
Salt type by 
chloride level 
2 0.249681  5.0244 0.0080
*
  
Cultivar by salt 
type by chloride 
level 
2 0.067866  1.3657 0.2591  
SMV
2
 1 14.463485  582.1008 <0.0001
*
  
Cultivar by SMV 1 0.053800  2.1652 0.1438  
Salt type by 
SMV 
1 0.374213  15.0607 0.0002
*
  
Cultivar by salt 
type by SMV 
1 0.098174  3.9511 0.0491
*
  
Chloride level by 
SMV 




chloride level by 
SMV 
2 0.055823  1.1233 0.3286  
Salt type by 
chloride level by 
SMV 
2 0.221948  4.4663 0.0135
*
  
Cultivar by salt 
type by chloride 
level by SMV 
2 0.072378  1.4565 0.2371  
1: P-values marked with an asterisk are statistically significant 






Supplemental table 4.5: Analysis of variance of Soybean mosaic virus levels in soybean, 
Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O, 12.5 mM CaCl2, or 25 mM 














Model 11 16.374030 1.48855 34.4805 <0.0001
*1
 0.798016 
Error 96 4.144389 0.04317    
Total 107 20.518419     
Effect tests       
Cultivar 1 0.180637  4.1843 0.0435
*
  





2 0.263526  3.0521 0.0519  
SMV
2





1 0.087167  2.0191 0.1586  
Treatment 
by SMV 






2 0.188404  2.1821 0.1184  
1: P-values marked with an asterisk are statistically significant 






















Supplemental table 4.6: Analysis of variance of percent water in soybean, Glycine max (L.) 
Merr., cvs. Clark and Manokin leaves from plants that were treated with H2O, 12.5 and 50 mM 
CaCl2, or 25 and 100 mM NaCl inoculated first with Soybean mosaic virus or not and treated for 














Model 15 0.09373820 0.006249 3.1129 0.0034
*1
 0.593358 
Error 32 0.06424085 0.002008    
Total 47 0.15797905     
Effect tests       
Cultivar 1 0.01453448  7.2400 0.0112*  
Salt type 1 0.00203257  1.0125 0.3219  
Cultivar by salt 
type 
1 0.00049553  0.2468 0.6227  
Chloride level 1 0.00742453  3.6983 0.0634  
Cultivar by 
chloride level 
1 0.00076398  0.3806 0.5417  
Salt type by 
chloride level 
1 0.00131996  0.6575 0.4234  
Cultivar by salt 
type by chloride 
level 
1 0.00386470  1.9251 0.1749  
SMV
2
 1 0.00008267  0.0412 0.8405  
Cultivar by SMV 1 0.00860820  4.2880 0.0465*  
Salt type by SMV 1 0.00372817  1.8571 0.1825  
Cultivar by salt 
type by SMV 
1 0.00200125  0.9969 0.3256  
Chloride level by 
SMV 
1 0.03825228  19.0544 0.0001*  
Cultivar by 
chloride level by 
SMV 
1 0.00585988  2.9190 0.0972  
Salt type by 
chloride level by 
SMV 
1 0.00008984  0.0448 0.8338  
Cultivar by salt 
type by chloride 
level by SMV 
1 0.00468014  2.3313 0.1366  
1: P-values marked with an asterisk are statistically significant 






Supplemental table 4.7: Analysis of variance of Soybean mosaic virus levels in soybean, 
Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O, 12.5 mM CaCl2, or 25 mM 














Model 5 1.3213335 0.264267 7.7609 0.0018
*1
 0.763802 
Error 12 0.4086099 0.034051    
Total 17 1.729934     
Effect tests       
Cultivar 1 0.0992486  2.9147 0.1135  





2 0.1127371  1.6554 0.2318  
1: P-values marked with an asterisk are statistically significant 
 
 
Supplemental table 4.8: Analysis of variance of levels of a pathogenesis-related 1 (PR1) and 
argonaute 1a (Ago1a) transcripts in soybean, Glycine max (L.) Merr., cvs. Clark and Manokin 
infected with Soybean mosaic virus and treated with H2O, 12.5 mM CaCl2, or 25 mM NaCl for 1 














Model 5 641.71826 128.344 1442.903 <0.0001
*1
 0.998339 
Error 12 1.06738 0.089    
Total 17 642.78564     
Effect tests       
Cultivar 1 426.97169  4800.226 <0.0001
*
  




2 103.559704  582.3445 <0.0001
*  














Supplemental table 4.9: Analysis of variance of levels of an argonaute 1a (Ago1a) transcripts in 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin infected with Soybean mosaic virus 
and treated with H2O, 12.5 mM CaCl2, or 25 mM NaCl for 1 week prior to virus inoculation and 














Model 5 34.780050 6.95601 178.8177 <0.0001
*1
 0.986756 
Error 12 0.466800 0.03890    
Total 17 35.246850     
Effect tests       
Cultivar 1 25.848050  664.4743 <0.0001
*
  





2 2.858800  36.7455 <0.0001
*
  































Chapter 5: Interactive effects of aphid feeding and virus infection on host gene expression 














Salt stress in crops, caused by saline soils and exacerbated by groundwater irrigation, is a 
growing problem in agriculture. Worldwide, 7-8% of arable land is considered saline (Tanji, 
2002). Soybean, Glycine max (L.) Merr., genotypes differ in reactions to salt stress. Those 
cultivars that can partially exclude chloride and other salts from their leaves are more salt-
tolerant and are referred to as chloride excluders. Those soybean genotypes that cannot exclude 
salts from the foliar tissue are salt-sensitive and called chloride includers (Abel, 1969). In 
addition to abiotic stresses such as saline conditions, cultivated soybeans are typically faced at 
the same time with multiple biotic stresses such as pathogens and insect feeding. Thus, it is 
important to understand how a combination of stresses can affect plants, and how response 
mechanisms interact when plants encounter varied environmental conditions.   
Since its introduction to the US in 2000 from Asia (Ragsdale et al., 2004), the soybean 
aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), has become a serious pest of soybean 
(Ragsdale et al., 2011; Wang and Ghabrial, 2002). The pest was first detected in 2000 in 
Wisconsin and it quickly spread to 10 states in the North Central U.S. (Venette and Ragsdale, 
2004). It has since spread to all soybean-growing states in the U.S. and provinces in Canada. 
Two plant species have been confirmed as overwintering hosts in North America, the invasive 
common buckthorn, Rhamnus cathartica L., and the native alderleaf buckthorn, R. alnifolia 
L’Her. A third species of buckthorn, the invasive glossy buckthorn, Frangula alnus P. Mill., has 
been suggested as an overwintering host for the soybean aphid though this has not been 
experimentally confirmed (Voegtlin et al., 2005). Aside from the overwintering hosts, the main 
host for the soybean aphid is cultivated soybean, though the insect can also colonize other 
legumes (Hill et al., 2004). As part of its lifecycle, the soybean aphid hatches in spring on 
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buckthorn plants and winged adults migrate to soybean fields. At that point, the soybean aphid 
reproduces via parthenogenesis on soybean throughout the growing season. In late summer, 
winged adults migrate to buckthorn, sexually reproduce, and overwinter as eggs (Ragsdale et al., 
2011). In addition to the economic damage from feeding, the soybean aphid is also the main 
vector for the damaging pathogen Soybean mosaic virus (SMV; Potyvirus, Potyviridae) in the 
US (Hill et al., 2001; Jossey et al., 2013). So, understanding the impact on plant physiology and 
responses to other stresses in aphid-infested plants can potentially lead to a clearer picture of 
how some genotypes are better able to cope with these problems.  
Volatile organic compounds are often released by plants in response to biotic and abiotic 
factors (Holopainen and Gershenzon, 2010). Herbivory causes the production of volatile organic 
compounds that both signal within an individual plant for the production of defensive 
compounds (Heil and Bueno, 2007) and to be emitted as signals to other plants to mount a 
defense (Baldwin et al., 2006; Ton et al., 2007). Some of these same volatile compounds have 
also been shown to attract parasitoids and predators of herbivorous insects (Dicke et al., 1990; 
Turlings et al., 1990). Numerous studies have characterized the plant volatiles that are induced 
by arthropod herbivory. The soybean looper, Chrysodeixis includens Walker, has been shown to 
induce 3-octananone, when feeding upon soybean foliar tissue, which is attractive to the 
parasitoid Microplitis demoliter Wilkenson (Ramachandran et al., 1991). The two-spotted spider 
mite, Tetranychus urticae Koch, has been reported to induce 3-hexen-1-ol, acetate and methyl 
salicylate (van den Boom et al., 2004). The brown stink bug, Euschistus heros (F.), is a serious 
pest of soybean in Brazil, and feeding by this insect on soybean induces multiple volatile organic 
compounds (Moraes et al., 2009). Finally, the soybean aphid induces several volatile organic 
compounds in soybean, one of which, methyl salicylate, has been reported to be an attractant for 
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the predatory seven-spotted beetle, Coccinella septempunctata L. (Zhu and Park, 2005). 
However, very little is known about the how infection with SMV affects the production of 
volatile organic compounds. Likewise, there is little information on the effect of salt stress on 
volatile production in soybean.  
The purpose of this study was to determine the interactive effects of SMV infection and 
salt stress from a sub-lethal level of NaCl on soybean aphid performance, as measured by 
population growth, host plant transcript levels, and volatile organic compound release from 
damaged leaves.  
 
Materials and methods 
Aphid rearing 
The soybean aphid colony was obtained from Dr. Matt O’Neal at Iowa State University. 
The colony was maintained in a Bug-Condo Tall (Hummert International; Earth City, MO) in a 
plant growth chamber with 12/12 h light/dark periods and set to 26°C. Aphids were reared on 
soybean cvs. Clark and Manokin. Every six weeks, fecund female aphids were transferred to 




 Soybean cultivars Clark, salt-sensitive, and Manokin, salt-tolerant, were pre-germinated 
on filter paper followed by transplanting into pasteurized river sand with one plant per 10.16- by 
10.16- by 8.89-cm square plastic pot and placed in a growth chamber (Conviron PGW36; 
Winnipeg, Canada) under 14/8 h light/dark cycles and set at 23°C. Plants were fertilized every 
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three days with 0.5x MiracleGrow
®
 All Purpose fertilizer (24N-8P-16K, with urea as nitrogen 
source). At the emergence of the unifoliate leaves, the VC growth stage (McWilliams et al., 
1999), a subset of the plants were mechanically inoculated with Soybean mosaic virus (SMV) 
strain G1 using carborundum (Rawlins and Tompkins, 1936). After systemic viral symptoms 
were observed, three SMV-symptomatic plants and three mock-inoculated plants per cultivar 
were selected for two treatment regimens. Plants were partially flooded for 2 h daily with 2 L of 
either 25 mM NaCl or H2O in the same 54.61- by 27.94-cm tray  for each treatment-virus 
combination with 0.5x MiracleGrow
®
 All Purpose fertilizer every other day. After 7 days of 
treatment, three third-instar soybean aphids were gently transferred to each plant using an artist’s 
paint brush. Plants were then caged in 8 L buckets and covered with a fine mesh (0.3 mm mesh) 
using a completely randomized facotiral design. After two weeks, total aphid populations were 
counted, foliar fresh weight was recorded, tissue was collected for RNA extraction from the third 
trifoliate, and four 4 cm-diameter leaf discs were punched out of the remaining third-trifoliate 
leaflets from the same relative position for volatile organic compound analysis. The experiment 
was repeated three times with an additional experimental replicate that did not have aphids added 
to the plants. 
 
Volatile organic compound collection 
Immediately after collection, four 4 cm-diameter leaf discs were placed into a 20 mL GC-
MS headspace vial and the cap screwed tight. The samples were analyzed using gas 
chromatography-mass spectrometry for static headspace volatiles with the following conditions: 
samples were heated at 60°C for 25 min and then 1000 µL of the resulting headspace was 
injected from the vial into the GC-MS (Varian; Santa Clara, CA). The samples were separated on 
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a Varian Factor 4 capillary GC column (30m x 0.25mm, 0.25 µM) with a 5% 
phenylmethylploysiloxane phase. Injection temperature was set at 230
o
C, and samples were 
separated at 50
o









min. Signals in the resulting chromatogram were quantified via peak area and identified by 
matching to the closest compound using the NIST database. To compare the effect of the 
different treatments, compound levels were quantified as peak area divided by cm leaf area. 
Compounds that were not detected were assigned a value of zero for statistical analysis. 
 
SMV and host plant transcript quantification 
The levels of SMV and select aphid-induced mRNA transcripts in each sample were 
assessed using semi-quantitative RT-PCR and RT-qPCR as follows. RNA was extracted using 
Tri-Reagent according to the manufacturer’s recommendations (Molecular Research Center; 
Cincinnati, OH). Briefly, 100 mg of tissue was ground to a fine powder in liquid nitrogen and 
added to a 2 mL microcentrifuge tube containing 1 mL Tri-Reagent. After this, 100 µL of BCP 
(2-bromo-chloro-propane) was added to each tube and incubated at room temperature for 10 min 
with 5 sec of vortexing every 2 min. The samples were then centrifuged at 12,000 x g for 15 min 
at 4°C. After centrifugation, 400 µL of the aqueous phase was pipetted into a 1.5 mL 
microcentrifuge tube and 250 µL 100% isopropanol and 250 µL high salt solution (1.2 M NaCl, 
0.8 M Sodium citrate) added and mixed by inverting 10 times followed by incubation at room 
temperature for 7 min. Following the incubation, the samples were centrifuged at 12,000 x g for 
8 min at 4°C. The supernatant was then decanted and the pellet washed with 750 µL of ice-cold 
70% ethanol and centrifuged for 5 min at 12,000 x g at 4°C. The supernatant was decanted and 
the pellet allowed to air dry for 10 min. Following this, 75 µL of DNase- and RNase-free H2O 
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was added to each tube and incubated on ice for 10 min. The samples were incubated at 65°C for 
5 min and the pellet disrupted by pipetting. After this, the samples were centrifuged at 12,000 x g 
for 5 min at 4°C and the RNA was quantified using a Bio-Spec Nano spectrophotometer 
(Shimadzu, Kyoto, Japan). Total RNA, 1000 ng, was used as template for reverse transcription 
with M-MuLV reverse transcriptase (NEB) in the following reaction: 7 µL RNA H2O mixture 
(to 1000 ng RNA); 2.5 µL 10X M-MuLV reverse transcriptase buffer (50 mM Tris-HCl, 75 mM 
KCl, 3 mM MgCl2, 10 mM DTT, pH 8.3 @ 25°C); 0.5 µL 20 µM oligo dT primer (Table 5.1); 1 
µL 10 mM dNTPS; 50 U M-MuLV reverse transcriptase (NEB; Ipswich, MA); 6 U RiboLock 
RNase inhibitor (Fermentas; Waltham, MA); and nuclease-free H2O to 25 µL. The reaction was 
incubated for 5 min at room temperature followed by 42°C for 1 h and 65°C for 15 min. The 
resulting cDNA was diluted 1:5 with DNase- and RNase-free H2O and then subjected to PCR 
using the following reaction: 2.5 µL 10x Taq PCR reaction buffer (500 mM KCl, 100 mM Tris-
HCl pH 9.0 @ 25°C, 15 mM MgCl2, 1% Triton X-100), 0.5 µL 20 mM forward primer (Table 
5.1), 0.5 µL 20 mM reverse primer (Table 5.1); 0.5 µL 10 mM dNTPS; 5 U Taq polymerase 
(GenScript; Piscataway, NJ); and DNase free H2O to 25 µL. The PCR program used the 
following steps: 94°C for 2 min; 94°C for 30 sec, 55°C for 15 sec, 72°C for 30 sec repeated 25 
times; 72°C for 5 min; and a 4°C hold step. Amplicons were visualized using GelGreen
TM
 
(Biotuim; Hayward, CA) on a 2% agarose TAE gel and run at 80 volts for 30 min. For the qPCR 
the following reactions were set up using SYBRGreen
®
 technology (Applied Biosystems; Grand 
island, NY): 10 µL 2x Power SYBR
®
 Green Master Mix; 1 µL 20 mM forward primer (Table 
5.1); 1 µL 20 mM reverse primer (Table 5.1); 1 µL cDNA (from before); and 7 µL DNase- and 
RNase-free H2O. The reactions were run in a Step One Plus Real-Time PCR System (Applied 
Biosystems) with the following program: 95°C for 10 min; then 95°C for 15 sec and 60°C for 1 
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min repeated for 40 cycles; followed by a melt curve. The qPCR consisted of three biological 
replicates and two technical replicates per target gene with ELF1β as the internal control (Le et 
al., 2012). The resulting data were analyzed using the ΔΔCt method (Livak and Schmittgen, 
2001) with the following calculations: 
ΔCt = Cttarget gene-Ctcontrol gene 
ΔΔCt = Cttreated sample-Ctuntreated sample 
Fold change expression = 2
(ΔΔCt) 
 
All data were analyzed in JMP
®
 v11.0 (SAS; Cary, NC) as a full factorial using the Tukey 
Honestly Significant Difference test for significance between treatment/cultivar combinations. 
 
Results 
Soybean aphid performance 
Overall, soybean cv. Manokin supported aphid populations that were approximately 20% 
greater than those on cv. Clark, under H2O-treated control conditions (Figure 5.1). However, 
infection with SMV as well as NaCl treatment significantly reduced soybean aphid performance 
in both cultivars (Supplemental table 5.1).  
Because the cultivars used have the potential to vary in plant or leaf size in response to 
either salt treatments, SMV infection or aphid feeding, population numbers were also analyzed 
by normalizing on a fresh weight basis. When the population was normalized as the total aphids 
per gram of foliar fresh weight (Figure 5.2), the reduction in aphid population on SMV-infected 
plants was no longer statistically significant (Supplemental table 5.2). This suggests that the 
severe plant stunting caused by the virus possibly contributes to the reduction of aphid 
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populations when soybeans were infected with SMV. Treatment with 25 mM NaCl to both 
cultivars, Clark and Manokin, lead to minimal stunting or any other visible salt-damage 
symptoms. However, plants treated with NaCl still supported significantly fewer aphids on the 
basis of per gram fresh weight, suggesting that NaCl stress has a negative impact on soybean 
aphid performance on both cvs. Clark and Manokin.  
 
SMV abundance in response to aphid or salt stress 
To determine the effect of salt treatment and aphid infestation on SMV accumulation in 
soybean, virus levels were measured using quantitative RT-PCR (Table 5.2). The real-time PCR 
results show that aphid infestation reduced the accumulation of SMV in cv. Manokin plants 
treated with a sub-lethal level of NaCl. In non-stressed H2O-treated cv. Manokin plants, aphid 
feeding did not have a significant effect on virus accumulation (Supplemental table 5.3). In salt-
sensitive cv. Clark plants treated with either H2O or 25 mM NaCl, aphid feeding had a very 
different effect as it increased the relative level of SMV in each case.  
To characterize host signaling responses to SMV infection, transcript accumulation of a 
well-characterized pathogen responsive gene encoding a pathogenesis-related protein, PR1, was 
measured in the virus-infected plants used for SMV measurement. The relative changes in host 
transcript levels were again measured using RT-qPCR. In salt-sensitive cv. Clark, aphid 
infestation did not alter PR1 expression in the H2O-treated control plants, however when 
combined with the added stress of NaCl there was a significant reduction in PR1 expression. 
Likewise, in cv. Manokin plants PR1 transcript levels were not significantly changed in H2O-
treated controls in response to aphid feeding. However transcript levels were strongly aphid-
inducible in plants infected with SMV and treated with 25 mM NaCl, as compared to non-
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infested plants (Table 5.2). The results show a clear trend that an increase of PR1 transcripts in 
cv. Manokin corresponds to a decrease in SMV accumulation, whereas in salt-stressed cv. Clark, 
a decrease in PR1 expression levels correspond with SMV increases (Supplemental table 5.4). 
  
Host plant gene expression profiles 
 Transcript levels for two known stress-responsive genes were measured using RT-PCR in 
plants exposed to combinations of biotic and abiotic damage. The soybean Glyma14g39790 gene 
encodes a 12-oxophytodienoate reductase (OPR1), which catalyzes products in the oxylipin 
signaling cascade. A soybean gene (Glyma13g35950) encoding a putative calcium-binding EF-
hand (CaEF) protein is annotated as a Pinoid-Binding Protein based on its high similarity with 
an Arabidopsis protein that interacts with a hormone signaling serine/threonine protein kinase 
(Benjamins et al., 2003). In other plant systems, orthologues of each of these genes have been 
shown to be inducible at the transcript level in response to both jasmonic acid and saline 
conditions (Sasaki et al., 2001; Feng et al., 2011; Dong et al., 2013).   
Patterns of transcript accumulation for OPR1 and CaEF show similar expression and 
suggest co-regulation of these genes (Fig. 5.3). Most pronounced in terms of stress-induced 
differences is the strong suppression of transcript accumulation for both genes in both cvs. Clark 
and Manokin in response to aphid feeding in H2O-treated plants. The effects of combined injury 
due to these stresses are most marked in the salt-sensitive cultivar. Aphid infestation leads to a 
substantial reduction in transcript levels for OPR1 and CaEF in cv. Clark, whether plants are 
infected with SMV or not. In this salt-sensitive cultivar the added stress of NaCl treatment 
appears to negate aphid-stimulated transcript suppression. In the salt-tolerant cultivar Manokin, 
transcript suppression by aphid feeding occurs in the absence of virus whether or not plants were 
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salt stressed, however the combined stresses of virus infection and salt result in loss of aphid-
induced transcript down-regulation. The transcript levels of OPR1 were verified using 
quantitative RT-PCR (Table 5.3; Supplemental table 5.5). 
Another family of genes that can be induced by insect feeding is the cytochrome P450 
genes (CYP). One of these CYP genes, CYP83C, was reported to be induced by aphid feeding in 
soybean aphid resistant cultivars (Li et al., 2008; Studham and MacIntosh, 2013) and was 
measured here. Although the function of related proteins, CYP83B, which in Arabidopsis is part 
of the glucosinolate biosynthesis process (Naur et al., 2003) and CYP83D which is required for 
nodulation in soybean (Guttikonda et al., 2010), the exact function of the CYP83C proteins are 
not currently known. The transcript levels of CYP83C were reduced in salt-treated cv. Clark 
plants though infection with SMV negated the reduction (Table 5.3; Supplemental table 5.6). In 
cv. Manokin, both salt stress and SMV infection increased the CYP83C transcript levels with 
both stresses increasing the levels more than either alone. However, this was in the absence of 
the soybean aphid; with soybean aphid infestation, the transcript levels of CYP83C were 
decreased except in the case of salt-treated cv. Clark plants without SMV infection which raised 
the CYP83C transcript levels. In cv. Manokin soybeans treated with NaCl and infected with 
SMV, a dramatic decrease in CYP83C transcript levels were observed with infestation by the 
soybean aphid.  
 
Release of plant volatile organic compounds 
The release of volatile organic compounds (VOC) from plants damaged by abiotic and 
biotic stresses is well documented (Bleeker et al., 2009; Heiden et al., 1999; Kishimoto et al., 
2005; Vickers et al., 2009). The release and relative quantities of VOC were measured in 
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detached leaves from soybean plants treated with biotic and abiotic damage as a means to 
examine downstream biochemical responses. Putative identification of compounds was made via 
matching of mass spectral data with the NIST library.  
Higher plants release green leaf volatiles (GLV) in response to wounding, infection, or as 
components of floral volatile profiles or during ripening. These GLV bouquets are dominated by 
short-chain five- (C5) and six-carbon (C6) aldehydes, alcohols and their esters, which form as a 
result of lipoxygenase catalyzed breakdown of membrane components (Matsui, et al., 2012; 
Shen et al., 2014). The release of individual GLV components varied widely among treatments 
(Supplemental table 5.7). A C5 compound identified as (E)-2-pentenal, was released from H2O- 
and salt-treated cv. Clark leaves, but aphid feeding eliminated this release (Table 5.3; Fig. 5.4a). 
The combined stresses of SMV and NaCl also eliminated the release of this compound in salt-
sensitive cv. Clark. In cv. Manokin, the same compound was released only from SMV infected 
plants (Fig. 5.4a), and as was the case in cv. Clark, the combination of SMV and salt, without 
aphid feeding, resulted in a significant reduction in 2-pentenal release.  
Release of two C6 GLV, identified as 1-octen-3-ol and (Z)-3-hexenal, did not change 
substantially with salt treatment or biotic stresses in either cultivar (Fig. 5.4b & c). The lone 
exception was a significantly reduced amount of (Z)-3-hexenal released from cv. Clark infected 
with SMV and infested with soybean aphid (Fig. 5.4b & c).  
Insect herbivory and pathogen infection can also lead to the release of terpenes as part of 
the VOC profile. Unlike the GLV that are produced from breakdown of pre-existing cellular 
components, volatile terpenes are often synthesized de novo following plant stress (Pare and 
Tumlinson, 1997). The pattern of release of a sesqui- (C15) and two mono- (C10) terpenes 
paralleled each other very closely in both soybean cultivars exposed to NaCl, SMV, and soybean 
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aphid (Table 5.4; Fig. 5.5). In each cultivar, the highest amount of all terpenes released was from 
plants infested with soybean aphid, but not treated with NaCl or SMV. In most cases, salt stress 
or SMV infection eliminated the release of volatile terpenes except in the case of salt stressed cv. 
Clark plants without SMV infection where the unidentified terpene was reduced. 
 
Discussion 
The soybean cultivars Clark and Manokin, though both are generally thought to be 
equally susceptible to the soybean aphid, differed slightly with Manokin supporting higher 
soybean aphid populations following both 25 mM NaCl or H2O treatments without SMV 
infection. With SMV infection, the total population differences between Clark and Manokin 
were only significantly different under H2O treatment and were not statistically different treated 
with 25 mM NaCl. When the total population was normalized to the soybean aphid population 
on the H2O treated soybeans for the respective cultivar, a similar trend was observed with SMV 
infected soybeans treated with H2O or 25 mM NaCl. These results align with previously reported 
results on the impact of Alfalfa mosaic virus, Bean pod mottle virus, and SMV infection on 
soybean aphid population size (Donaldson and Gratton, 2007). However, when the total 
population was normalized to the number of aphids per gram of fresh weight, the reduction in 
soybean aphid population due to SMV infection was not longer statistically significant compared 
to the uninfected control population. This increase in aphid population in response to the 
presence of a vectored virus has previously been observed (Kersch-Becker and Thaler, 2014). An 
increase in vector population on plants infected with a corresponding vectored pathogen aligns 
well with the Vector Manipulation Hypothesis (Ingwell et al., 2012). There was still a significant 
reduction in total soybean aphid population due to treatment with 25 mM NaCl suggesting that 
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sub-lethal levels of NaCl have a detrimental effect on the soybean aphid population size that is 
not related to stunting. In contrast, the reduction in aphid population due to SMV infection 
directly corresponds to the stunting that occurs in soybeans due to SMV which means there is 
less tissue for the soybean aphid to colonize than in uninfected soybeans.  
 Surprisingly there was a reduction in SMV levels in Manokin soybeans infested with the 
soybean aphid and treated with 25 mM NaCl. One possible explanation for this is that the 
transcript levels of PR1 was about 3.5 times higher in Manokin soybeans infected with SMV and 
NaCl-treated with infestation of the soybean aphid than in soybeans without the soybean aphid. 
This conforms well to previous results showing that an increase in the PR1 transcript in Manokin 
corresponded to a reduction in SMV level (Chapter 4). It is possible that the combination of 
SMV infection, soybean aphid infestation, and salt stress is triggering the salicylic acid (SA) 
pathway in the Manokin soybeans higher than either factor alone. PR1 has long been used as a 
marker to show SA induction in plants due to pathogen infection including viruses (Bol and 
Linthorst, 1990; Jovel et al., 2011; Wang et al., 2009). It has also been shown that salt stress 
induces the SA pathway enhancing reactive oxygen species (ROS) generation leading to 
oxidative damage (Borsani et al., 2001). Another possible explanation is that the combination of 
salt stress, SMV infection, and infestation by the soybean aphid reduces the suitability of the cv. 
Manokin soybeans to host higher levels of SMV.  
 Infestation of both cultivars, Clark and Manokin, with the soybean aphid reduced the 
transcript levels of OPR1; however, in cv. Clark the addition of salt stress reduced the aphid-
responsive reduction in transcript levels for both OPR1 and CaEF genes. This was also the case 
in cv. Manokin though the additional stress of SMV infection was required for the loss in 
reduction. Orthologs of OPR1 play many roles in plant responses to abiotic and biotic stresses. 
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Previous work has demonstrated that expression levels of an OPR1 ortholog in Arabidopsis, 
OPR2, were increased in response to treatment with cis-jasmonate (Matthes et al., 2010). In 
wheat, Triticum aestivum L., an OPR1 ortholog (TaOPR1) conferred salt tolerance by inducing 
the abscisic acid (ABA) signaling pathway and promoting ROS scavenging (Dong et al., 2013). 
When TaOPR1 was introduced into Arabidopsis, salt tolerance increased and sensitivity to 
hydrogen peroxide decreased demonstrating that TaOPR1 increases salt tolerance by enhancing 
ROS scavenging. And while the ABA pathway was induced, TaOPR1 did not inhibit the 
jasmonic acid (JA) pathway. In Arabidopsis, OPR3 is involved in JA synthesis leading to 
defense against the cabbage aphid, Brevicoryne brassicae L., by aiding in conversion of trans-
(+)-12-oxo-hytodienoic acid (OPDA) to cis-(+)-OPDA which is a precursor to JA (Kusnierczyk 
et al., 2011). A large body of work supports the role of OPR3, an ortholog of OPR1 (Mussig et 
al., 2000), in the production of JA (Devoto and Turner, 2003; Turner et al., 2002; Schaller et al., 
2000) in addition to the research already mentioned.  
 As with OPR1, colonization by the soybean aphid reduced the transcript levels of a 
calcium EF hand gene (CaEF) when plants were treated with H2O. When plants were treated 
with NaCl, the CaEF transcript levels increased in cv. Clark. In cv. Manokin, the soybean aphid 
was still able to suppress the CaEF transcript levels though when salt stress and aphid infestation 
were combined with SMV infection CaEF transcript levels were not decreased. These data 
suggest that both OPR1 and CaEF are co-regulated in both cvs. Clark and Manokin. Calcium EF 
hand proteins represent a diverse family involved in calcium-dependant signaling (McCormack 
et al., 2005; Yang and Poovaiah, 2003). In Arabidopsis, the salt-overly-sensitive 3 gene (SOS3) 
has been shown to contain calcium EF hand binding domains and is vital for salt tolerance (Liu 
and Zhu, 1998). Orthologs to SOS3 have been found in many other plant species and Arabidopsis 
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plants deficient in SOS3 have been used to study salt tolerance (Zhu, 2000). In wheat, the 
transcript levels of another calcium EF hand gene (TaCab1) were increased in response to both 
abiotic stress and biotic stress (Feng et al., 2011). Transcript levels of TaCab1 were also 
increased in response to Puccinia striiformis f. sp. tritici; treatment with ABA, ethylene, JA, and 
SA also increased transcript levels. It was also found that TaCab1 transcripts increased in 
response to various abiotic stresses including salinity and it was postulated that TaCab1 is 
involved in response to stress by inducing signaling pathways. Complicating matters, it has been 
shown that aphids and other piercing-sucking insects excrete their own calcium EF hand proteins 
to alter host function (Hattori et al., 2012; Konishi et al., 2009; Will et al., 2007). The calcium 
EF hand gene studied here was induced by soybean aphid feeding as OPR1 was (Delp et al., 
2009; Li et al., 2008; Studham and MacIntosh, 2013). In addition to containing the calcium EF 
hand motifs, the protein is an ortholog of a protein (TCH3) involved in the auxin-dependant 
PINOID signaling pathway (PID) in Arabidopsis (Benjamins et al., 2003) with auxin treatment 
increasing transcript levels of TCH3 and PID.  
  The JA pathway is normally suppressed by aphid colonization (Smith and Boyko, 2007); 
however, in some cases the JA pathway has been reported to be induced by aphid infestation. 
Colonization by the tobacco aphid, Myzus nicotianae Blackman, on Nicotiana attenuata Torr. ex 
S. Watson led to JA induction resulting in reduced aphid performance (Voelckel et al., 2004). 
Likewise, infestation of Arabidopsis with the green peach aphid, Myzus persicae Sulzer, induced 
JA production in the Cape Verde Islands ecotype though this did not lead to a reduced aphid 
population (Kusnierczyk et al., 2007). However, this may be more a function of the green peach 
aphid being a generalist that is able to feed on many plants than a lack of JA affecting the aphid. 
Arabidopsis volatiles from plants pre-treated with cis-jasmonate repelled the green peach aphid 
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whereas a specialist aphid, the turnip aphid (Lipaphis erysimi Kaltenbach) was attracted to those 
volatiles (Bruce et al., 2008). In soybean, feeding by the soybean aphid induced OPR1 and CaEF 
in resistant cultivars (Li et al., 2008; Studham and MacIntosh, 2013) though JA levels were not 
measured. An increase in JA levels could potentially explain the reduction in aphid populations 
in salt stressed soybeans though JA and other signaling hormone levels would need to be 
measured as crosstalk between the SA pathway, which is induced by salt stress, inhibits the JA 
signaling pathway (Sasaki et al., 2001).  
 Cytochrome P450 genes (CYP) have diverse functions in the generation of secondary 
metabolites across all domains of life (Chapple, 1998). In plants, CYP genes play a fundamental 
role in plant-biotic stress interactions with the generation of secondary metabolites specifically 
for defense against insect feeding (Schuler, 1996) or antimicrobials against pathogens (Liu et al., 
2003). In Medicago truncatula Gaerth., several CYP genes are involved in the biosynthesis of 
triterpene saponins (Naoumkina et al., 2010) some of which, hemolytic saponins, have been 
shown to be toxic to insects (Carelli et al., 2011). Other CYP genes are involved in the ROS 
scavenging mechanism in plants (Mittler et al., 2004) so the CYP83C transcript level increase 
seen in the salt-tolerant cv. Manokin was not surprising and fit with the decrease of the CYP83C 
transcript in the salt-sensitive cv. Clark in response to salt stress. It is possible that the CYP83C 
gene is involved in ROS scavenging in soybeans under salt stress. That SMV infection also 
increased the CYP83C transcript in both cultivars agrees with this hypothesis as plant viral 
infection has been shown to induce ROS production in plants (Garcia-Marcos et al., 2009; 
Hernandez et al., 2004) and has been specifically shown with SMV infection in soybean (Zhuang 
et al., 1993). Another CYP gene, CYP83B, had increased transcript levels in cv. Manokin under 
salt stress whereas CYP83C transcript levels were not altered (Chapter 2). However, a lethal 
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level of salt was used previously (Chapter 2) whereas in this study a sub-lethal level was used. If 
CYP83C is involved in ROS scavenging, then the dramatic transcript reduction in cv. Manokin 
plants that were salt stressed, infected with SMV and infested with the soybean aphid is 
alarming. Although infection with SMV did not alter the salt tolerance of cv. Manokin soybeans 
under salt stress (Chapter 4), the addition of the vector may reduce the ROS scavenging within 
cv. Manokin soybeans under stress from all three factors and reduce the overall salt tolerance. 
This aspect was not studied in this work as a sub-lethal level of salt was used necessitating 
further work to characterize CYP83C and determine if the combination of higher levels of salt 
stress, SMV infection and soybean aphid infestation reduces salt tolerance in the salt-tolerant cv. 
Manokin.  
 Salt stress, SMV infection, and soybean aphid infestation had profound effects upon the 
levels of VOC in cvs. Clark and Manokin. There were also differences in the levels of these 
compounds between cultivars. The GLV 2-pentenal was induced by the soybean aphid in cv. 
Manokin only with SMV infection. In cv. Clark, 2-pentenal was suppressed by the soybean 
aphid and salt stress combined with SMV infection. Generally, soybean aphid infestation 
reduced 3-hexenal levels \in both cultivars though in the case of salt stressed cv. Clark infected 
with SMV the levels were raised, though not significantly, by colonization by the soybean aphid. 
The GLV 1-octen-3-ol was higher, though not significantly, in cv. Manokin than in cv. Clark. 
Infection with SMV and treatment with 25 mM NaCl suppressed the soybean aphid induced 
production of caryophyllene, limonene, and an unidentified terpene. Green leaf volatiles are 
formed from the breakdown of cell membranes as a result of stress (Matsui et al., 2012). 
However, unlike GLV terpene production must be induced by some form of wounding, usually 
through insect feeding (Pare and Tumlinson, 1999). Both GLV and terpenes have been found to 
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attract parasitoids and predators (Farag et al., 2005; Turlings et al., 1995; Whitman and Eller, 
1990). For example, limonene has been shown to attract a parasitoid, Dastarcus helophoroides 
Fairmaire, of the Asian longhorned beetle, Anoplophora glabriepennis Motsch. (Wei et al., 
2008).  
Although several VOC were identified in this study, the lack of methyl salicylate in the 
volatile profiles was disconcerting as methyl salicylate has been reported to be induced by 
several different arthropod pests on a variety of soybean cultivars (Zhu and Park, 2005). The 
likeliest explanation is that measuring the volatile profiles using static headspace collection did 
not allow for this compound to be detected. Other studies where methyl salicylate was detected 
used dynamic headspace collection with volatile compounds being collected over the course of 
several hours and concentrated on a trapping resin whereas in static headspace collection the 
volatiles from a single time point are collected and analyzed. Attempts to use dynamic headspace 
collection were made and methyl salicylate was detected; however, the results were not 
consistent between replicates and experiments, so static headspace collection was employed to 
generate reproducible results.  
 By altering the levels of volatile organic compounds that are associated with parasitoid 
and predator attraction, it is likely that the attractiveness of SMV and NaCl stressed soybeans 
have been reduced for both predators and parasitoids. Supporting this idea, the green peach aphid 
is more attracted to blended volatiles from potatoes, Solanum tuberosum L., infected with Potato 
leaf roll virus than the individual VOC components (Ngumbi et al., 2007). Likewise, the 
parasitoid wasp Cardiochiles nigriceps Viereck is able to distinguish between blended volatiles 
from different plant species (Moraes et al., 1998). This is an interesting phenomenon in 
agreement with other research on virus-vector-host interactions. For example, infection of wheat 
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with Barley yellow dwarf virus (BYDV) altered the volatile-mediated attraction of the bird 
cherry-oat aphid (Rhopalosiphum padi L.). Non-viliferous aphids were more attracted to BYDV 
infected wheat and mock paper leaves containing the same volatile profile as infected wheat 
plants than were attracted to uninfected wheat plants and control mock leaves (Mendina-Ortega 
et al., 2009). Furthermore, after virus acquisition, viliferous aphids then preferred wheat plants 
that were not infected with BYDV (Ingwell et al., 2012). Furthermore, the combination of SMV 
and treatment with 25 mM NaCl altered levels of green leaf volatiles in both Clark and Manokin. 
These green leaf volatiles also play a role in attraction of predators and parasitoids (Pare and 
Tumlinson, 1999; Pareja et al., 2007; Pichersky and Gershenzon, 2002). By altering the 
attractiveness of host plants to predators and parasitoids (Unsicker et al., 2009), SMV is 
protecting its aphid vector. This could potentially have a big impact on the epidemiology of 
SMV and it would be interesting to see if salt stress alters the transmission rate of SMV either to 
or from salt stressed soybeans. 
 The data presented here show that salt stress had a negative impact on the population size 
of the soybean aphid which is surprising given that salt stress and SMV infection both 
suppressed terpene production. It is possible that salt stress combined with aphid infestation 
induced the JA pathway, as seen through the lack of suppression of OPR1 and CaEF by the 
soybean aphid. Although the total population decreased, salt stressed soybeans may be more 
attractive to the soybean aphid as terpene production was suppressed by salt stress. Additional 
work on the characterization of the function of CYP83C is required to determine if it plays a role 
in ROS scavenging since the combination of salt stress, SMV infection and soybean aphid 
infestation dramatically reduced the CYP83C transcripts in cv. Manokin. From this study, no 
specific declaration of the impact of salt stress on the epidemiology of SMV vectoring through 
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the soybean aphid cannot be declared. Further work is required to determine if salt stress impacts 
SMV acquisition and/or transmission by the soybean aphid and choice assays are required to 
determine if salt stressed soybeans are more attractive.  
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Table 5.1: Primers used for reverse transcription, Soybean mosaic virus detection, and gene expression for both semi-
quantitative RT-PCR and quantitative RT-PCR (real-time PCR). 





dT Short GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTTT N/A N/A 
SMVDetFor GTTCTCCCTGCCATTCATAA 
 
N/A Soybean mosaic 
virus coat protein 
SMVDetRev CAAATGAAGGCTGCAGCTCT N/A Soybean mosaic 
virus coat protein 
ELF1bFor GCACCCACCATTACTCAGCA Glymax02g44460 Elongation factor 
1β 


















ELF1BqPCRFor GTGGTACGATGCTGTCTCTTC Glymax02g44460 Elongation factor 
1β 
ELF1BqPCRRev CCACTGAATCTTACCCCTTGAG Glymax02g44460 Elongation factor 
1β 
SMVqPCRFor AGATGGGCGTGGTTATGAATG N/A Soybean mosaic 









Table 5.1 continued: Primers used for reverse transcription, Soybean mosaic virus detection, and gene expression for both 
semi-quantitative RT-PCR and quantitative RT-PCR (real-time PCR). 
SMVqPCRRev TCTCGACAATGGGTTTCAGC N/A Soybean mosaic virus coat 
protein 
OPR1qPCRFor CTCTCCCCTTTCGCTGATTAC Glyma14g39790 12-oxophytodienoate 
reductase, putative 
OPR1qPCRRev CCGTCAAACTTGTGGAATTGTG Glyma14g39790 12-oxophytodienoate 
reductase, putative 
CP450qPCRFor AGGTCGTAGAATTTGCCCAG Glyma03g03700  Cytochrome P450 
monooxygenase CYP83C 
CP450qPCRRev TCTTCCTTTACCATCCCTTGC Glyma03g03700  Cytochrome P450 
monooxygenase CYP83C 
PR1qPCRFor AGAACACCCCTCAAGACTTTC Glyma15g06770 PR1-like 
PR1qPCRRev TGGCATACCTTTGAGCGTAG Glyma15g06770 PR1-like 








Table 5.2: Relative RNA levels of Soybean mosaic virus and soybean PR1 gene in soybeans 
infested with the soybean aphid, Aphis glycines Matsumura, as compared to infected soybeans 
without the soybean aphid. 
Cultivar   
Treatment 
Clark 
 H2O  
Clark  










 1.08c 0.18d 1.42b 3.49a 
1: Without soybean aphid (SA) 
2: Pathogenesis related 1-like (Glyma15g06770) 





Table 5.3: Real-time PCR quantification of 12-oxophytodienoate reductase (OPR1) and Cytochrome P450 monooxygenase 
CYP83C (CP450) transcript levels in Clark and Manokin soybeans treated with H2O or 25 mM NaCl, infected or not with 
Soybean mosaic virus, and infested or not with the soybean aphid, Aphis glycines Matsumura, compared to the expression level 
of the H2O treated, virus and aphid free soybean for the respective cultivar. 





Clark H2O - - 1.00defg
3
 1.00de 
Clark 25 mM NaCl - - 0.78fgh 0.44ef 
Clark H2O + - 0.51gh 1.31d 
Clark 25 mM NaCl + - 0.64fgh 1.09d 
Manokin H2O - - 1.00defg 1.00de 
Manokin 25 mM NaCl - - 1.75a 1.99c 
Manokin H2O + - 1.42abcd 3.70b 
Manokin 25 mM NaCl + - 1.16bcdef 5.61a 
Clark H2O - + 0.29h 0.44ef 
Clark 25 mM NaCl - + 1.03cdefg 1.13cd 
Clark H2O + + 0.52gh 0.98de 
Clark 25 mM NaCl + + 0.84efg 1.13d 
Manokin H2O - + 1.08bcdef 1.48cd 
Manokin 25 mM NaCl - + 1.36abcde 1.34d 
Manokin H2O + + 1.58ab 1.23d 
Manokin 25 mM NaCl + + 1.54abc 0.38f 
1: OPR1- 12-oxophytodienoate reductase (Glyma14g39790) 
2: CP450- Cytochrome P450 monooxygenase CYP83C (Glyma03g03700) 







Table 5.4: Average peak area per cm
2
 for nine volatile organic compounds detected by static headspace GC-MS in cv. Clark 
soybeans with and without 25 mM NaCl stress, with and without Soybean mosaic virus infection, and with and without 































 101114.6 68721.86 N.D.
7
 N.D. N.D. N.D. N.D. 
4.8 Unknown 123009.6 135084.9 109076.4 N.D. N.D. N.D. N.D. N.D. 
5.4 Hexanal 143151.1 216825.9 165870.5 136146.5 154724 65878.05 118896 155742.5 
6.4 Unknown 41634.36 54172 42438 N.D. N.D. N.D. N.D. N.D. 
6.5 3-Hexanol, (Z)- 1394374 3495223 2385881 484076.4 1441083 250265.4 843152.9 1061837 
9.0 1-Octen-3-ol 135385.1 242038.2 133758 195329.1 209129.5 159766.5 162951.2 148354.6 
9.9 Limonene N.D. N.D. N.D. N.D. 75899.64 N.D. N.D. N.D. 
15.2 Unknown 
terpene 
N.D. N.D. N.D. N.D. 113455.4 N.D. 29768.23 N.D. 
15.8 Caryophyllene  N.D. N.D. N.D. N.D. 73794.11 N.D. N.D. N.D. 
1: Not infected with Soybean mosaic virus (SMV) 
2: Not infested with the soybean aphid 
3: Infected with Soybean mosaic virus (SMV) 
4: 25 mM NaCl 
5: Infested with the soybean aphid 











Table 5.5: Average peak area per cm
2
 for nine volatile organic compounds detected by static headspace GC-MS in cv. 
Manokin soybeans with and without 25 mM NaCl stress, with and without Soybean mosaic virus infection, and with and 











































 N.D. 62141.44 N.D. 158346.9 N.D. 187898.1 
4.8 Unknown N.D. 113249.2 N.D. 241242 N.D. N.D. N.D. 91575.76 
5.4 Hexanal 123136.6 197876.9 120618.1 185509.6 121355.7 226114.6 125530.8 194000.8 
6.4 Unknown N.D. 38206.37 N.D. 58283.28 N.D. 34634.04 N.D. N.D. 
6.5 3-Hexanol, (Z)- 1540605 2156847 955148.6 3937102 662420.4 1557856 1204883 1841826 
9.0 1-Octen-3-ol 374734.6 366879 453821.7 150518 563694.3 643577.5 404989.4 379777.1 
9.9 Limonene N.D. N.D. N.D. N.D. 22903.82 N.D. N.D. N.D. 
15.2 Unknown 
terpene 
N.D. N.D. N.D. N.D. 58939.17 N.D. N.D. N.D. 
15.8 Caryophyllene  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
1: Not infected with Soybean mosaic virus (SMV) 
2: Not infested with the soybean aphid 
3: Infected with Soybean mosaic virus (SMV) 
4: 25 mM NaCl 
5: Infested with the soybean aphid 
6: Compound was not detected  














Figure 5.1: Total soybean aphid, Aphis glycines Matsumura, populations after feeding for two 
weeks on soybeans with and without Soybean mosaic virus and with and without 25 mM NaCl 
salt treatment. Samples with different letters are statistically different (P<0.05; n=9); error bar 




Figure 5.2: Total soybean aphid, Aphis glycines Matsumura, count per gram tissue fresh weight 
for Clark and Manokin soybeans with and without Soybean mosaic virus and 25 mM NaCl or 
H2O treatment. Samples with different letters are statistically different (P<0.05; n=9); error bar 












Figure 5.3: Semi-quantitative RT-PCR (30 cycles) of reported soybean aphid, Aphis glycines, 
induced genes for cvs. Clark and Manokin soybeans infected with or without Soybean mosaic 
virus, with and without feeding by the soybean aphid, Aphis glycines Matsumura, and with and 
without 25 mM NaCl salt treatment. Transcripts measured for: 12-oxophytodienoate reductase 
(OPR1); Calcium-binding EF-hand (CaEF); and Elongation factor 1β (Elf1β) was used as an 











Figure 5.4: Levels of green leaf volatiles: A) 2-pentenal, (E)-; B) 3-hexenal, (Z)-; C) 1-octen-3-
ol from soybean, Glycine max (L.) Merr., cvs. Clark and Manokin infested, or not, with soybean 
aphid, Aphis glycines Matsumura, infected with Soybean mosaic virus, or not, and treated with 
25 mM NaCl or H2O as measured by peak area per cm
2
. Samples with different letters are 




Figure 5.5: Levels of volatile terpenes A) limonene; B) an unidentified terpene; and C) 
caryophyllene from soybean, Glycine max (L.) Merr., cvs. Clark and Manokin infested, or not, 
with soybean aphid, Aphis glycines Matsumura, infected with Soybean mosaic virus, or not, and 
treated with 25 mM NaCl or H2O as measured by peak area per cm
2
. Samples with different 










Supplemental table 5.1: Analysis of variance for the total soybean aphid, Aphis glycines 
Matsumura, population after two weeks on soybean, Glycine max (L.) Merr., cvs. Clark and 
Manokin, infected with Soybean mosaic virus or not, and treated with H2O or 100 mM NaCl for 














Model 7 2067529.7 295361 30.3243 <0.0001
*1
 0.768343 
Error 64 623365.6 9740    
Total 71 2690895.3     
Effect tests       
Cultivar 1 73856.1  7.5827 0.0077
*
  


























1 23907.6  2.4546 0.1221  
1: P-values marked with an asterisk are statistically significant 
















Supplemental table 5.2: Analysis of variance for the number of soybean aphids, Aphis glycines 
Matsumura, per gram fresh weight after two weeks on soybean, Glycine max (L.) Merr., cvs. 
Clark and Manokin, infected with Soybean mosaic virus or not, and treated with H2O or 100 mM 














Model 7 34992.34 4998.91 2.7237 0.0155
*1
 0.229526 
Error 64 117462.69 1853.35    
Total 71 152455.03     
Effect tests       
Cultivar 1 57.373  0.0313 0.8602  





1 2796.265  1.5236 0.2216  
SMV
2
 1 1372.683  0.7479 0.3904  
Cultivar by 
SMV 
1 391.875  0.2135 0.6456  
Treatment 
by SMV 




1 55.173  0.0301 0.8629  
1: P-values marked with an asterisk are statistically significant 













Supplemental table 5.3: Analysis of variance for Soybean mosaic virus levels in soybean, 
Glycine max (L.) Merr., cvs. Clark and Manokin treated with H2O or 100 mM NaCl for 7 days 
prior to infestation with the soybean aphid, Aphis glycines Matsumura, for two weeks measured 














Model 3 8.8265617 2.94219 63.3633 <0.0001
*1
 0.959614 
Error 8 0.3714690 0.04643    
Total 11 9.1980307     
Effect tests       
Cultivar 1 7.7594635  167.1087 <0.0001
*
  
Treatment 1 0.0017782  0.0383 0.8497  
Cultivar by 
treatment 
1 1.0653200  22.9429 0.0014
*
  




Supplemental table 5.4: Analysis of variance for levels of a pathogenesis-related 1 gene in 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin infected with Soybean mosaic virus 
and treated with H2O or 100 mM NaCl for 7 days prior to infestation with the soybean aphid, 
Aphis glycines Matsumura, for two weeks measured using quantitative RT-PCR and the ΔΔCt 














Model 3 17.703932 5.90131 203.6114 <0.0001
*1
 0.987072 
Error 8 0.231866 0.02898    
Total 11 17.935798     
Effect tests       
Cultivar 1 10.066593  347.3250 <0.0001
*
  





1 6.607401  227.9734 <0.0001
*
  












Supplemental table 5.5: Analysis of variance for levels of 12-oxophytodienoate reductase 
(OPR1) transcripts in soybean, Glycine max (L.) Merr., cvs. Clark and Manokin infected with 
Soybean mosaic virus and treated with H2O or 100 mM NaCl for 7 days prior to infestation with 
the soybean aphid, Aphis glycines Matsumura, for two weeks measured using quantitative RT-














Model 15 8.050642 0.536709 5.1477 <0.0001
*1
 0.707001 
Error 32 3.336393 0.104262    
Total 47 11.380735     
Effect tests       
Cultivar 1 5.2037659  49.9103 <0.0001*  
Treatment 1 0.5334004  5.1159 0.0306*  
Cultivar by 
treatment 
1 0.0119661  0.1148 0.7370  
Soybean aphid 1 0.0001473  0.0014 0.9702  
Cultivar by 
soybean aphid 
1 0.0434216  0.4165 0.5233  
Treatment by 
soybean aphid 




1 0.3706855  3.5553 0.0685  
SMV
2
 1 0.0007980  0.0077 0.9308  
Cultivar by SMV 1 0.2234918  2.1436 0.1529  
Treatment by 
SMV 




1 0.2956351  2.8355 0.1019  
Soybean aphid 
by SMV 
1 0.4306864  4.1308 0.0505  
Cultivar by 
soybean aphid by 
SMV 
1 0.0059150  0.0567 0.8133  
Treatment by 
soybean aphid by 
SMV 
1 0.0009092  0.0087 0.9262  
Cultivar by 
treatment by 
soybean aphid by 
SMV 
1 0.4016828  3.8526 0.0584  
1: P-values marked with an asterisk are statistically significant 




Supplemental table 5.6: Analysis of variance for levels of Cytochrome P450 monooxygenase 
CYP83C (CP450) transcripts in soybean, Glycine max (L.) Merr., cvs. Clark and Manokin 
infected with Soybean mosaic virus and treated with H2O or 100 mM NaCl for 7 days prior to 
infestation with the soybean aphid, Aphis glycines Matsumura, for two weeks measured using 














Model 15 80.489325 5.36595 44.4960 <0.0001
*1
 0.954249 
Error 32 3.859007 0.12059    
Total 47 84.348332     
Effect tests       
Cultivar 1 15.899022  131.839
3 
<0.0001*  
Treatment 1 0.734864  6.0937 0.0191*  
Cultivar by 
treatment 
1 0.639490  5.3028 0.0279*  





1 11.148968  92.4505 <0.0001*  
Treatment by 
soybean aphid 




1 5.680306  47.1027 <0.0001*  
SMV
2
 1 8.210671  68.0853 <0.0001*  
Cultivar by SMV 1 2.442723  20.2558 <0.0001*  
Treatment by 
SMV 




1 0.032354  0.2683 0.6080  
Soybean aphid 
by SMV 
1 11.880652  98.5178 <0.0001*  
Cultivar by 
soybean aphid by 
SMV 
1 9.504443  78.8136 <0.0001*  
Treatment by 
soybean aphid by 
SMV 
1 1.179771  9.7830 0.0037*  
Cultivar by 
treatment by 
soybean aphid by 
SMV 
1 0.104092  0.8632 0.3598  
1: P-values marked with an asterisk are statistically significant 
2: SMV- Soybean mosaic virus 
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Supplemental table 5.7: Analysis of variance for the volatile organic compounds collected from 
soybean, Glycine max (L.) Merr., cvs. Clark and Manokin, infected with Soybean mosaic virus or 
not, and treated with H2O or 100 mM NaCl for 7 days prior to infestation with the soybean 

























    
Total 431 1.6004e
14
     
Effect tests       
Cultivar 1 4.6638e
11
  11.1698 0.0009*  
Treatment 1 2.1062e
10




































































  7.3630 0.0071*  
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Supplemental table 5.7 continued: Analysis of variance for the volatile organic compounds 
collected from soybean, Glycine max (L.) Merr., cvs. Clark and Manokin, infected with Soybean 
mosaic virus or not, and treated with H2O or 100 mM NaCl for 7 days prior to infestation with 






















  36.4550 <0.0001*  
Compound 8 9.9724e
13






























































Supplemental table 5.7 continued: Analysis of variance for the volatile organic compounds 
collected from soybean, Glycine max (L.) Merr., cvs. Clark and Manokin, infected with Soybean 
mosaic virus or not, and treated with H2O or 100 mM NaCl for 7 days prior to infestation with 














Effect tests       
Treatment 




  0.2336 0.9844  
Cultivar by 
treatment 




































  31.7661 <0.0001*  
1: P-values marked with an asterisk are statistically significant 



































 Given the recent global trend in warmer air temperatures (Anderson et al., 2013), 
developing plants that are able to withstand various abiotic stresses associated with global 
climate change should be top priority. This is especially true if farmers will be required to feed a 
growing population on less land and deal with both abiotic and biotic stresses. As the global 
warming trend continues (Lobell et al., 2011), farmers will be forced to irrigate crops more than 
they currently do, introducing more salts into soils. Warmer temperatures could also lead to more 
intense droughts (Trenberth et al., 2014), and the salinity problem could be exacerbated with 
drought causing salts from deeper in the soil profile to concentrate on the soil surface (Tanji, 
2002). Understanding how to protect plants against salt stress is vital for continued agricultural 
production. 
 One of the earliest ideas taught in plant pathology is the idea of the disease triangle where 
a susceptible host combined with a virulent pathogen and a favorable environment results in 
disease (Agrios, 2005). Altering one of these factors can alter the observed disease and in some 
cases prevent disease. This study was undertaken with three goals in mind: to determine how 
soybeans that differ in chloride uptake, and salt sensitivity, react at a transcriptional level and at a 
physiological level to salt stress; to determine the interaction of salt stress and viral infection in 
soybeans that differ in salt sensitivity; and to determine the interaction of salt stress, viral 
infection, and vector performance on soybeans that differ in salt sensitivity. 
 
Soybean physiological and transcriptional responses to salt stress 
 Soybean chloride excluders and includers react very differently both in varied transcript 
levels and in their physiological responses to salt stress. I identified gross differences in 
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transcript levels between cvs. Clark and Manokin when treated with H2O and different 
transcriptional responses to salt stress from 100 mM NaCl. These results were verified with both 
semi-quantitative RT-PCR and quantitative RT-PCR with a total of 20 and nine genes, 
respectively. In addition to the nine genes identified as differentially expressed on the 
microarray, an additional three genes that had been previously reported to be salt responsive 
(Chan and Lam, 2014; Curtin et al., 2012) were measured with quantitative RT-PCR. Only two 
of these genes, Ago1a and Ago1b, were either up-regulated (Ago1a) or down-regulated (Ago1b) 
in response to salt stress. The other gene, a putative Lambda class glutathione-S-transferase 
(GST1) that had previously been identified as a source of salt tolerance in soybean (Chan and 
Lam, 2014) was down-regulated in both cultivars in response to salt stress. Although many genes 
were salt responsive, none of the genes were located within the S-100 salt tolerance QTL region 
(data not shown). The microarray experiment yielded information on the transcriptional 
responses of salt-sensitive and salt-tolerant soybeans under salt stress. The genes identified as 
differentially expressed represented a diverse array of biological and molecular processes; 
however, no “magic bullet” gene or genes were indentified to account for the observed salt 
tolerance in chloride excluders.  
 I was able to detect physiological differences between chloride excluders and includers 
prior to the onset of visible salt damage through measuring the rate of photosynthesis. In six 
chloride includer cultivars, there was a dramatic reduction in the rate of photosynthesis, 
compared both to H2O-treated plants and the six chloride excluder cultivars. The six chloride 
excluder cultivars had a reduction in photosynthetic rate that was significantly lower than the 
H2O-treated plants, yet had higher rates than the salt-sensitive cultivars. A possible explanation 
for the difference in photosynthetic rates between chloride excluders and includers is the 
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difference in chlorophyll levels. The cultivar Manokin, a chloride excluder, had much higher 
chlorophyll levels than cv. Clark, a chloride includer, under salt stress; in soybean, chlorophyll 
levels have been directly linked to the rate of photosynthesis (Buttery and Buzzell, 1977). This 
fundamental difference between chloride excluders and includers was verified using CO2- and 
light-response curves to measure the Rubisco activity and quantum efficiency of CO2 uptake, 
respectively. Although salt stress reduced Rubisco activity in both cvs Clark and Manokin, cv. 
Manokin had much higher quantum CO2 uptake efficiency than cv. Clark under salt stress.  
 With the validation of the usefulness of non-invasive sensing to study salt stress in 
soybean, I sought to clarify conflicting reports on the tissue responsible for soybean salt 
tolerance (Adb-Alla et al., 1998; Grattan and Maas, 1985). The data were unequivocal, for 
soybeans with S-100 derived salt tolerance the roots are the main contributing tissue for the 
observed salt tolerance. Combined with the large transcriptional differences seen in the roots, 
future work on the genes responsible and the mechanism for salt tolerance in soybean should 
focus on the roots.  
 
The interaction of soybeans under salt stress and Soybean mosaic virus 
 The impact of abiotic stress and plant viruses has sadly been an understudied area. A few 
reports exist on the interaction of abiotic stresses and plant viruses, namely the interaction of 
arsenic and Cucumber mosaic virus reducing tomato growth compared to either factor alone 
(Miteva et al., 2005), the interaction of drought stress and Brome mosaic virus increasing 
drought tolerance in rice (Xu et al., 2006), the interaction of heat and drought stress on 
Arabidopsis plants infected with Turnip mosaic virus reducing plant health (Prasch and 
Sonnewald, 2013), and ozone reducing Soybean mosaic virus (SMV) titer (Bilgin et al., 2008). 
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Although several studies have been done on the interaction of plant viruses, their hosts and 
abiotic stress, little is known about the interaction of salt stress and plant viruses.  
 Although infection of salt stressed soybeans with SMV did not alter visible salt damage 
nor alter visible SMV symptoms, a cryptic effect was indicated by changes in SMV 
accumulation. In both cultivars, Clark and Manokin, low levels of salt stress reduced 
accumulation of SMV significantly, regardless of whether salt stress occurred prior to or 
following infection with SMV. The effect was more pronounced with NaCl, though it was also 
observed in cv. Manokin with CaCl2. Infection with SMV raised chlorophyll levels in both 
cultivars regardless of salt stress, which is not surprising as viral mosaic symptoms are 
associated with an increase in chlorophyll levels (Whenham et al., 1986). Infection with SMV 
and/or challenge with salt stress led to a reduced rate of photosynthesis in both cultivars except 
when the soybeans were infected with SMV and stressed with CaCl2 and then the relative 
photosynthetic rate was significantly increased. However, this increase in photosynthetic rate did 
not translate into improved plant survival to high levels of salt stress. 
 The interaction of stresses caused by SMV and salt in soybean presented an interesting 
challenge. At first glance, the data suggested that SMV and salt stress would have little impact 
on each other as measured by symptoms; however, yield was not a consideration in this study 
and merits serious considerations. At a soil electrical conductivity reading of 7.5 dS/m (Tanji, 
2002), there is a 50% reduction is soybean yield. SMV has also been reported to reduce overall 
yield from 30 to 70% under normal circumstances (Wu et al., 2004). It is unlikely, given that salt 
stress did not alter SMV symptoms or vice versa, which the combination of salt stress and SMV 
infection could reduce the yield more than either factor alone. Even if a synergistic effect does 
develop with the interaction of salt stress and SMV infection, combining the losses could 
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increase the yield loss at 7.5 dS/m anywhere from 80-100% which would result in a total loss for 
the grower.  
 
The interaction of soybeans under salt stress, challenged by Soybean mosaic virus, and the 
soybean aphid  
 The interaction between salt stressed soybeans, SMV and the soybean aphid is complex 
and multifaceted. Salt-stressed soybeans had lower populations than H2O-treated plants and 
SMV infection reduced the population size as well. However, when the number of aphids per 
gram fresh weight was compared, the difference between SMV infected and uninfected soybean 
aphid populations were no longer statistically different. Even by the measuring the soybean 
aphid population by gram of fresh weight, salt stress still had a negative impact on the population 
size. Previous work has shown that soybeans infected with plant viruses supported smaller 
populations of the soybean aphid (Donaldson and Gratton, 2007), whereas the data presented 
here showed that the reduction in total aphid population in SMV infected plants is likely not due 
to an interaction with SMV, but rather a result of SMV stunting infected soybeans and limiting 
space. 
 Salt stress and SMV infection had similar effects on volatile organic compounds in 
reducing release of volatile terpenes in Clark and Manokin soybeans infested with the Soybean 
aphid. Since the volatile organic compounds that plants produce can be used to signal nearby 
plants of the danger posed, as well as attract parasitoids and predators to deal with the 
herbivorous pest, altering the levels of these compounds could alter the response. Since SMV has 
a biological imperative to replicate and spread, protecting its vector enables SMV to spread to 
new plants. Recently a hypothesis called the Vector Manipulation Hypothesis has been 
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postulated to explain how plant viruses manipulate their hosts and vectors to facilitate 
transmission (Ingwell et al., 2012). For example, the green peach aphid prefers Potato leaf roll 
virus-infected plants prior to virus acquisition whereas after acquisition non-infected plants are 
preferred (Rajabaskar et al., 2014). Likewise, the cotton aphid, A. gossypii, migrated to plants 
lacking Cucumber mosaic virus (CMV) after feeding on plants infected with CMV (Carmo-
Sousa et al., 2014). Our results fit will with the Vector Manipulation Hypothesis as SMV 
infection altered the volatile organic compound profile and could alter the attractiveness of 
infected plants to the soybean aphid.  
 
Future work 
 Although many questions were answered in this study, these data raised additional 
questions that remain to be answered. For example, the exact mechanism of salt tolerance 
utilized by chloride-excluder soybean roots is still unknown. Furthermore, the genes in the S-100 
derived salt tolerance QTL are not known for soybeans. Sequencing and characterizing this 
region could give insight into the mechanism for soybean salt tolerance. Beside these 
unanswered questions, the question as to how growers can deal with salt stress while a plant-
based solution is crafted. One area that can be investigated is the interaction of beneficial 
microorganisms and plants that alleviates salt stress. With the dramatic yield improvement, ca. 
50%, seen in lettuce inoculated with a beneficial bacterium and subjected to salt stress (Barassi 
et al., 2006) this area of research shows enough promise to warrant the research funds to 
investigate this further.  
 The methods for salt stress screening optimized in this work were useful in studying the 
interaction of salt-stressed soybean and SMV. The SMV strain used in this work, G1, causes 
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severe symptoms and although SMV levels were dramatically reduced by salt stress, no visible 
change in SMV symptoms were observed. With an SMV strain exhibiting milder symptoms, it is 
possible that salt stress could mask viral infection and potentially serve as a cryptic source of 
inoculum in the field. On the other hand, an SMV strain inducing more severe symptoms 
including necrosis could potentially exacerbate salt damage symptoms. In either case, research 
needs to be done on how the combination of salt stress and SMV infection impacts yield. Either 
one alone can cause severe losses but if the two-factors act together synergistically, yield losses 
could be staggering. Little else is known about how other soybean viruses interact with salt 
stress. The interaction of other soybean viruses and salt stress should also be investigated further. 
 One lingering question on the interaction of salt-stressed soybeans, SMV infection and 
infestation with the soybean aphid, is how does salt stress impact virus acquisition and 
transmission. In this work we could not study either aspect as the isolate of SMV used has been 
serially passaged for more than 15 generations without vector transmission. The loss of vector-
mediated transmission can be caused by repeated mechanical transmission without aphid 
transmission between passages, which results in mutations in the coat protein gene preventing 
transmission. This phenomenon has been well documented in potyviruses (Evans and Zettler, 
1970; Kamm, 1969; Sako, 1980). Release of host volatile organic compounds, such as terpenes 
that can act as attractants of herbivore natural enemies, were also shown to be altered by SMV 
infection and salt stress. Therefore, it is possible that salt stress can indirectly alter SMV 
transmission on a field scale.  
 This work revealed several important discoveries that add to our understanding of the 
interaction of salt stress on soybeans, SMV infection and the soybean aphid. First, the gross 
transcriptional responses to salt stress between cultivars Clark and Manokin show that multiple 
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genes may be involved in soybean salt tolerance. Second, measuring the rate of photosynthesis 
can show differences between salt-sensitive and salt tolerance cultivars prior to the onset of 
visible salt damage. Third, salt stress reduces accumulated SMV levels in both cultivars tested 
though this does not translate to a change in visible SMV symptoms. Fourth, in soybeans 
stressed with CaCl2 and infected with SMV the rate of photosynthesis was not significantly 
lowered compared to the H2O-treated controls. Fifth, soybeans infected with SMV had smaller 
aphid populations because plants were stunted and could not support higher populations. Sixth, 
salt stress and SMV infection had similar effects on the volatile organic compounds in reducing 
specific compounds associated with parasitoid attraction. This work and the conclusions reached 
illustrate the complex interactions between biotic and abiotic stresses in plants. Furthermore, 
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